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PREFACE 

THIS book is the outcome of notes on a course of lessons 
at Oundle School. It was by accident that they came 
into the hands of the University ft-ees for, Uiough I intended 
to print them for my own use, I had no intention of publishing 
them. 

These lessons were essentially practical: that is to say, 
there was always laboratory and lecture apparatus at my 
disposal and all the experiments here described were actually 
done, some in the laboratory by the boys, some io the class- 
room. Consequently many important parts of the subject 
which I did not think suited to class experiment were 
omitted. No reference therefore will be found in this book 
to X-rays, telephones and electric waves. 

Without an over-large stock of expensive apparatus it is 
not easy for all boys in a class to do the same experiment at 
one lesson: nor is it necessary, for most boys now know 
something in a general way about electricity and in selecting 
experiments for them to perform I do not feel it necessary to 
adhere so closely to a l<^ical order as I should were they on 
entirely new ground, I would suggest however to otiers 
who may use this book that at first the lessons should be 
largely demonstrations : later individual laboratory work may 
predominate, boys repeating for themselves experiments 
shewn previously in the theatre by their master. 

I believe very strongly in the early use of instruments 
(e.g. ammeters and voltmeters) which give direct readings in 
addition to those which only compare (e.g. galvanometers as 
generally used). It is a great advantage to a beginner to be 
able to name his current in amperes or his E.M.F. in volts. 
Of course the complete equipment of a laboratory is expensive, 
but good instruments which with suitable shunts and resist- 
ances cover wide ranges are now so easily obtained and can 
be used in so many different experiments that I have no 
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heaitatioD in urging their adoption. In cases, however, where 
the cost is really prohibitive, I suggest (Art 30) that the 
stock of galvanometers should be calibrated to give direct 
readings. 

I once thought of treating even Frictional Electricity with 
the help of the Static Voltmeter, etc : but I was deterred 
partly by the expense and partly because such treatment 
diverges too much from ordinary lines. 

Ideas of Poteotial are often found hard; but a short 
preliminary treatment of Work and Horse-power in the 
Mechanics lessons takes away most of a boy's difficultiee 
and makes it possible to talii about watts and volts quite 
early in the study of electricity. 

I hope that experiments are described with sufficient 
detail. It is difficult to strike a mean between over-elaborate 
directions written round one's own apparatus and generalised 
instruction bo wanting in exactness as to necessitate a special 
laboratory book. 

The examples are mainly original but some have been 
taken from Scholarship Examinations: others (by permission 
of the Controller of H.M.'e Stationery Office) from S. K. 
Papers set in years previous to 1897- Apology might be 
needed for includii^ some of these but for their annual 
recurrence slightly altered in other places. 

A few, which are much too hard for a junior class and 
involve the calculus, are inserted for the use of Scholarship 
Candidates. 

I have received valuable help and criticisms from my 
colleagues Mr E. Jobling and Mr H. Freeman. Figure 116 is 
reproduced by kind permission of Lady Kelvin and Messrs 
Macmillan: Figs. 73, 74 come from the catalogue of the 
Cambridge Scientific Instmmeut Company. Many of the 
diagrams of lines of force were drawn by boys. To all these 
my thanks are due. I am indebted to Mr G. C. Bloomer 
for the correction of many errata. Finally I wish to express 
my gratitude to Mr J. B. Peace who has himself read through 
the whole of the proo& and made many valuable su^estioos 
during the preparation of this work for the press. 

C. J. L W. 
July 1914. 
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INTRODITCTORY CHAFTER ON 
MAGNETISM 

The Bubjects Electricity and Magnetism are so cloBely 
related that it will be conyenient to deyote a few p^es to 
some of the simpler facts of magnetism before proceeding to 
the study of the phenomena connected with electric currents. 
Some of the main tacts of magnetism are known to almost 
everyone and may therefore be passed over in very few 
words. 

1. Pole: Axis: Meridian. Take any ordinary magnet 
and sprinkle it over with iron filings. The fihngs cling to it : 
but they do not cling to it evenly ; they gather together in two 
bunches, the centres of which are usually near the ends of 
the magnet. These centres are spoken of as the pohg ; the 
line or the direction of the line joining them is the aids. 
In the case of a long thin magnet such as a knitting needle 
these poles are clearly marked : in a thick horseshoe magnet 
they are less definite. 

If a magnet be suspended in such a way that it can swing 
freely with its axis horizontal, it will be found that it 
oscillates to and fro and always comes to rest with its axis in 
a particular direction. In most parts of the world this 
direction is nearly North and South, so that we can speak of 
the two ends or poles of a magnet as the North and the 
South. 

The vertical plane x>as8ing through the axis of a freely sus- 
pended needle is termed the plane of the magnetic meridian. 

3. Action of Poles. Bring the North pole of a bar 

magnet near the North pole of a compass needle ; the latter 

will move away. The result is exactly similar with two 

South poles. If however the North pole of the magnet be 

w. 1 
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2 Introduction 

brought near the South pole of a compase needle the latter 
will begin to move nearer. Hence it may be said that like 
poles repel one another, unlike poles attract 

3. I>aw of the Inrene Square. It is quite readily 
seen that the nearer two poles are together the greater the 
attraction between them, but the exact relation between 
force and distance was not definitely established till the time 
of Coulomb (1777). Coulomb guessed the law and then 
proceeded to veri^' it by experiments on the torsion balance 
which he had invented. The law is "the force between two 
magnetic poles varies inversely as the square of the distance 
between them." Doubling the distance between two poles 
reduces the force to a quarter of the previous value ; halving 
the distance quadruples the force. 

4. Unit Pole. We require a standard by which to 
measure pole strength. We first define our unit pole as 
follows : If two exactly similar poles placed one centimetre 
apart repel one another with a force of one dyne, each pole is 
said to be of unit strength. 

The strength of any other pole is measured by the force 
(in dynes) it exerts on a unit pole when the two are placed 
one centimetre apart. It may further be shewn by ex- 
periment that the force exerted by any two poles on one 
another is directly proportional to the pole strength of each. 
We have then this law : The force (in dynes) between two 
poles is measured by the product of the pole strengths 
divided by the square of the distance (in centimetres) between 
them. 



We have here said nothing about the medium in which the 
poles are placed ; strictly speaking they should be in vacuo 
but the results are not appreciably altered if as is usual the 
medium is air. 

6. Strength of Field. The space round a magnet 
throughout which its influence ia appreciable and can be 
detected by a compass needle or other means is called the 
field. The strength of a field at any point is measured by 
the force in dynes that would be exerted on a unit North 
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pole if it were placed at that point : the unit ia the gaitss, 
thuB at a distance of 5 cm. from a pole of strength 200 the 
strength of the field is 200 x 1/5=, i.e. 8 gausses. Thestreagth 
of the field ia also spoken of as the intermty offidd or tlw, 
magnetic force. 

6. The Earth's Magnetic Field. The earth has a 
magnetic field, the intensity and direction of which are dif- 
ferent Id different places. In England the field is northerly 
and inclined to the horizontal at an angle of about 67 degrees. 
An ordinary compass, by the direction in which it points, 
shews that this field is northerly : it iails to shew that the 
field is not hoi'izontal because it is so mounted that it can 
only swing round in a horizontal plane. If it were ft-ee to 
tilt it would point with its North pole downwards at about 
67 degrees. 

Consider now a North pole of unit strength. h= ■ i a 

In England this will be pulled northerly and 
downwards by a force of about half a dyne. 
Resolve this force into two components ; the 
one vertically downwards, the other horizontal 
and North. The latter is called the horizontal 
component of the Earth's magnetic field : it is 
usually denoted by the symbol H: its value V3-43 i=-47 
in London is about '186 dyne. It is this pjg, ^ 
horizontal component that regulates the be- 
haviour of a compass needle : the vertical component has no 
effect upon it 

7. Lines of Force. If a bar magnet be laid on a table 
and be covered with a card on which iron filings are sprinkled, 
a few gentle taps will cause the filings to range themselves 
in chains joining the two poles together : see the plates at 
the end of the book. These chains mark out what are called 
lines of force. We may define a line of force as the course 
that would be traced out by a North pole, fi^e to move, 
under the influence of the magnetic force. The tangent to 
such a line at any point ia in the direction of the resultant 
magnetic force. 

8. Resultant Field. The magnetic force at a point ia 
often the resultant of two or more components. The case is 

1—3 
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importaut in which we have to find the direction of the 
resultant of (1) the Earth's horizontal component, H, (2) a 
horizontal force F acting East or West To do this draw 
from a point a line OA to represent H in magnitude ; and 




Fig. 2. 



another OB to represent F. OB will of course be at right 
angles to OA. Complete the parallelogram OAGB. Then 
the line OG gives the direction of the resultant magnetic 
forca A compass needle placed at would point along OC. 
It would be deflected from the North through the angle 
AOC. 

AC OB F 



Tan40C = 



OA OA' 



The angle AOC is frequently denoted by g 
F = H tan S. 



hence 
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CHAPTER I 

ACTION OF CURRENT AND POLE 

9. Cells and Batteries. In theae days everybody is 
fomiliar with some of the uses of electricity. In all large 
towns lamps are lighted by electricity, workshops and trains 
are driven by it. The source of supply io such cases is 
usually a dynamo driven by steam or water. In telegraphy, 
telephony and for ringing bells, cells, or batteries of cells, 
are generally employed. In a physical laboratory it is 
probable that there is an electric light installation in con- 
nection with the town mains and this will often be a 
convenience. For many experiments however we still prefer 
to use cells of some kind. 

Every cell has two poles, generally of different materials. 
In a D%[iiell they are copper and zinc, in a Leclanch^ they 
are carbon and zinc ; in a storage cell (or accumulator) we 
have two lead grids containing pastes of different materials. 
In any cell one of the poles is called positive (+), the other 
negative (~). In a storage cell the negative pole is often 
painted black, the poBitive red : the positive plate contains a 
chocolate coloured paste. 



n 



n 




Several cells may be grouped together to form a battery. 
If the cells are arranged with the + of one joined to the — 
of the next, as in fig. 3, they are said to be in series. This 
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6 Action of Current and Pole 

ie a usual method if we want to drive a big current through 
a large resistance. 

If the cells are joined up by connecting up all the poaitive 
poles together, and all the negative together, they are said to 
be in parallel, or abreast, or in multiple arc. Fig. 4 is a 
diagram of a battery of three cells abreast. We shall discuss 
later other ways of joining up batteries. 




The names positive and negative have been given quite 
arbitrarily ; it would have done just as well if the zinc 
had been regarded as positive and the copper or carbon 
as negative. 

If the poles of a cell are joined by wire, some things 
happen in the wire itself, other things happen in the neigh- 
bourhood of the wire outside it : and the wire is siud to carry 
a current of electricity. We do not know 
what a current of electricity is, and we do not 
know in which direction it goes, but for con- 
venience we always talk of it as if electricity 
passed along the wire fix>m the positive pole 
to the negative outside the cell : and as elec- 
tricity always flows in a complete unbroken 
circuit, it follows that we must regard it as 
passing from the negative to the positive 
inside the cell itself (fig. 5). 

lO. Oersted's Experiment. We owe 
to Oersted the discovery of the magnetic 
effects of a current of electricity. In 1819 he placed a wire 
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Deflection of a CompoM Needle 7 

joining the two poles of a, cell over a compass needle. He 
. found that the needle was deflected To repeat his ex- 
periment place a compass on the table, Btretch a wire 
over the needle and parallel to it, join the South end of 
the wire to the positiye pole of a cell, the North end to the 
negative pole. The current now passes 
oyer the compass from South to North. 
The needle is deflected and you will 
see that the North pole points some- 
where between North and West 

Repeat the experiment with the 
current reversed ; also with the wire 
below the compass needle and the 
current in each direction. Double the 
wire 00 itself and find what eflTect the 
current in the doubled wire has on the 
needle. 

Make a coil of three or four turns ^- ^■ 

of wire : hold it in the meridian and place a compass needle 
in the centre. Join up the ends of the wire to the poles 
of the cell and note the effect on the needle. Such a coil 
of wire with a compaae at the centre makes a simple galva- 
nometer : it detects currents and shews their direction. 

The results of these experiments give the following simple 
rule for finding in which direction a compass needle tends to 
point when under the infiuence of a current Ima^ne that 
you are swimming parallel to the current and facing the 
conductor : if you stretch out your arms at right angles to 
your body, the right arm points in the direction in which the 
North pole of a compass (situated between yourself and the 
conductor) tends to point 

If a current flows in a straight conductor, a compass 
needle in its neighbourhood would always be at right angles 
to it if it were unacted on by any other force. This is not 
often the case for there is nearly always a magnetic field due 
to the earth. Thus in the first part of the experiment 
described above, the current tends to make the needle point 
West, the earth tends to make it point North. The direction 
in which it actually does point is one between North and 
West : it is the direction of the resultant of the two forces. 
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1 1 . lalnet of Force. The nature of the field round an 
ordinary bar magnet can be inveatigated by sprinkling iron 
filings on a sheet of cardboard : we may use the Bame method 
for surveying the magnetic field round a current. Take a 
simple case. Arrange a stout vertical wire to pass through 
the middle of a horizontal sheet of cardboard. Pass a strong 
current through the vertical wire : this may conveniently be 
done by joining up a few cells in paraHel. Sprinkle iron 
filings on the cardboard and tap geutly. The filings will 
arrange themselves in circular rings round the wire (fig. 7). 




Fig. 7. 



The lines of magnetic force then due to a current in a straight 
conductor are circles with their centres in the conductor. 
Now lines of force are the paths that the North pole of a 
compass would trace if allowed to move slowly from point to 
point. Hence if we could imagine we had a North pole all by 
itself, it would travel round and round a straight conductor in 
a circle. The direction in which it would trace the circle is 
shewn by fig. a We call this the right hand screw direction : 
it is the direction in which a corkscrew rotates when it is 
being screwed forward in the direction of the current The 
South pole of a compass needle tends to travel in exactly 
the reverse way. Suppose we think about the forces on the 
two poles of a compass needle due to a current flowing due 
North in a horizontal conductor held directly above. The 
corkscrew rule tells us that the force on the North pole will 
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Hight-kanded Rotation 9 

be due West, that on the South pole due Blast Hence the 
compass has a tendency to point at right angles to the earth's 
magnetic meridian, the North pole towards the West. This 
result has already been obtained. 




The lines of force considered so far have been supposed 
to be due to the current only. If we add on the earth's field 
of force the lines will no longer be circular. The combination 
of the two giyes us flg. 10. Here the shaded part is supposed 
to be a section of the conductor. The + mark on the section 
of a conductor indicates that the current is going down 
through the paper : think of it as the feathered tail of a 
retreating arrow. To indicate a current coming up through 
the paper we mark the section with a *, the point of an 
advancing arrow. 

This figure cannot be obtained by means of iron filings : 
the method is not delicate eoough, except for places quite 
close to the conductor. A convenient way to trace such a 
figure is by means of a small compass needle. Lay this 
anywhere on the card and make a dot under each pole. Now 
move the compass to such a position that the South pole is 
where the North pole was : put another dot under the North 
pole in its new position and move the compass on again. 
You get in this way a series of dots which are to be joined 
up to give a line of force. Trace several others by selecting 
new starting points. There are other cases in which a 
knowledge of the lines of force in a field is of great im- 
portance. Some of these will be discussed later ; the cases 
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already described have been aelected to render you familiar 
with tibe idea that there ia a sort of magnetic whirl round 
every current. 




Fig. 10. 



13. Rotatioti of magnetB. If we could get an isolated 
pole we should expect it to circle round and round the current 
in a conductor : in this way we should get a simple motor. 
It is however impossible to get one pole all by itself so we 
have to adopt some device to neutralise the effect of the 
other if we wish to produce rotation. 

A simple arrangement is shewn in fig. 11. Here two 
m^nets, SX, SN, are hung by a fibre F attached to a hook 
S. Tbey are connected together by the conducting bar BB 
at the ends of which are spikes dipping into the circular 
U-ouj^ (AA) of mereury. The cup C alao contains mercury 
and is connected to the bar BB by the straight wire D. 
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Now if a current is passed into C up D, tlirough the bar BB 
into the channel AA, the suspended magnets will rotate 
round the vertical axis. 




^ 



e 



Fig. 12. 



Fig. 11. 

13. Action on Conductora. A current exerts a force 
on a magnetic pole : to this action we expect some sort of 
reaction : we expect that a mag- 
netic pole exerts a force on a B 
conductor carrying a current 
Suppose AB (fig, 12) is a verti- ^ 
cal wire in which a current is " 
flowing upwards, and that N8 is 
a horizontal bar magnet. Now 
if the wire is fixed and the 
magnet free to moye, as it is in the case of a compass, 
the corksci-ew rule tells us that the North pole N" will b^n 
to move away from us, down into the paper. If however the 
magnet is fixed and the wire free, the wire will begin to come 
towards us under a force exactly equal in m^nitude but 
opposite in direction to that exerted by the current on the 
pole. If a second magnet ns is placed as in the figure the 
efifect on the wire will be iucreased. The experiment may 
easily be perfonned by passing a current through a flexible 
wire suspended between tiie poles of an electromagnet. 
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Action of Current and Pole 



14. Barlow'0 Wheel (fig. 13) is a aimple applicatioD of 
this. The rim of the wheel W grazes the Burface of the mercury 
M in A little cup. The wheel can rotate on a horizontal axis 
AA supported on bearings (not shewn). On opposite sides 
of the lower part of the wheel are placed unlike magnetic 
poles N,8\ & current led up from the mercury between the 
poles N, 8 and takeo off from the axis causes the wheel to 
turn. The wheel is generally made stellate but this form is 
not necessary. 




Fig. 13. 



Fig. U. 



la. A simple motor. ABQD (fig. 14) is a bent wire 
placed between the poles N, S. By ihe reasoning given 
above we see that the current Sowing along AB tends to 
make AB move upwards out of the paper. The current in 
CD is in the opposite direction, so that CP tends to move 
down into the paper. Hence if the wire is free to moTe it will 
begin to rotate round the dotted line. The next diagram 




Fig. 16. 



(fig. 15) shews how this may be done quite simply. Pins AA 
are driven into the centres of the faces of a bottle cork. 
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These project ^ iDch and form an axle. F-shaped grooves 
VV are cut in the surface, on opposite sides, parallel to the 
axis. Into one end two pioa PP are driven projecting \ inch. 
Insulated wire (about No. 22) is now wrapped round and 
round the cork, lengthwise, till the grooves FFare filled up: 
the bared ends of this wire are connected to the pine PP. 
The whole may now be supported as in fig. 16 with the axle 




Fig. 16. 

horizontal, on four large pins, two at each end crossed at 
right angles (X, X). The pins AA rest in the angles formed 
at the intersection. 

A current is led up a thin springy piece of copper wire w 
which rests lightly against P; it tlien passes round and round 
the cork; and finally leaves by a second wire w'. The 
cork is placed between the poles of a large horseshoe 
magnet. The current from a single cell will run this simple 
motor. 

16. LuminouB discharKe. If a current of electricity 
is passed through a vacuum tutie by means of an induction 
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coil, the gas will glow. The tube may be so constructed 
that the pole of a magnet can be inserted into it The 
rotation of the luminous conducting gas can be seen in this 
way. 




EXAMPLES I 



L Draw a diagram to shew two celis joined in parallel arranged to 
rii^ a bell. 

2. Draw a diagram of four cells joined in series arranged to light a 
lamp. 

3. Describe with diagrams the eCFects of currents iu straight horizontal 
wiree on a compass needle. 

4. In what ways is it possible to find in which direction the current 
in a wire is flowing ? 

6. A coil of wire is laid on the table and a current passes round it 
clockwise. Compass needles are placed over the wire at different points. 
Shew bj a diagram the directions in which thej wiD point 

6. A loose flexible wire hangs Terticallj between the poles of a strong 
horseshoe magnet, the plane of which is horizontal How will the wire be 
affected if a cnrrent is parsed down it ? 

7. A cnrrent flows down a vertical wire held a little dne East of a 
compass needle. Shew the direction of the forces acting on each pole. 
Will the compass needle move 1 
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8. A loose fleKible wire hanga verticallj in the earth's field. Is there 
any t«ndency for it to move when a current passes down it ? 

9. A bar magnet lies on the scale-pau uf a balance. Underneath the 
pan, at right angles to the ma^et, is a wire which carries a current Shew 
by a diagram the actiou of the current on each pole. Will the current alter 
the apparent weight of the magnet ? 

10. The iiaeper of a horseshoe magnet is hinged fi-eel; to the magnet at 
one pole. Through the bend of the horseshoe at right angles to the axis 
passes a wire carrying a current Can this current produce any effect on 
the keeper! If so, suggest an arrangement by which a current might be 
measured. 
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ELECTROLYSIS 



17. In the laBt chapter we considered some of the 
effects that were produced in the space surrounding a con- 
ductor conveying a current. We are now going to study the 
action of a current in the conductor itself. If the conductor 
is a metal the action is not very marked : the conductor gets 
warmed but its state does not seem to be altered in other 
respects. In the case of a liquid conductor the current 
generally produces chemical change. The only liquids we 
shall deal with are solutions in water. Water itaelf and 
nearly all liquids except solutions (e.g. oil, alcohol, tur- 
pentine, sulphuric acid) seem to have little or no power of 
conducting electricity. 

To study the action of a current on a solution we miist 
have two conductors dipping into the solution : these are 
called electrodes. The electrode by which the current enters 
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is called the anode, that by which it leaves is called the 
kathode. The electrodea are often of platinum but in some 
cases may be of other metals or of carbon. The vessel in 
which the solution is held is called a voltameter. A con- 
venient form of voltameter for some experiments is shewn in 
fig. 18. It consists of a glass V tube to bold the solution. 
In each arm is a leaf of platinum connected to a wire. 

18. Electrolygii of PotaMium Iodide. Take a volta- 
meter with platinum electrodes and put in it a dilute 
solution of potassium iodide. Connect up to a battery of 
two or three cells. Notice carefully the action that takes 
place at each electrode. After the current has been stopped, 
look at the platinums and see if they have been affected in 
any way. 

The dark deposit that formed round the anode was iodine ; 
it can easily be tested by starch coloration. The gas that 
bubbled off from the kathode was hydrogen. If sufficient 
can be collected it should be tested. The action that has 
taken plaee appears to be 

(1) the removal of the iodine from the potassium : the 
iodine appears at the anode ; 

(2) the potassium deprived of its partner unites with 
the water to form potassium hydroxide and hydrogen. 

Anode Kathode !□ aolntioD 
2KI + 2H,0 = I, + H, + 2K0H 
The decomposition of a solution by a current of electricity is 
called electrolysis. 

19. Electrolfsii of Sodium Sulphate. Use a Hoff- 
mann's voltameter with platinum terminals, fig. 19. Colour 
the solution with a little litmus. Notice the action at each 
electrode. Collect the gases and test them. After the action 
has been going on for a little time, allow the gaaes to escape 
and reverse the current. Notice how the coloration changes. 
At the end of the experiment mix the liquids round the 
electrodes together. 

The reactions in this experiment are exactly similar to 
those in the electrolysis of potassium iodide. The sodium 
sulphate (Naj SO.) seems to be separated out into two 
portions ; sodium which we know and can isolate, and the 
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sulphate group (SOJ known as sulphion which we cannot 
isolate. The sodium ib of course not given up in the metallic 
form at the kathoda It acts on the water, hydrogen ia 
liberated and aodium hydroxide is formed round the kathode : 
it is this sodium hydroxide which gives the blue coloration to 
the litmus. There is also a chemical action round the anode : 
the sulphion and water together give rise to oxygen and 
sulphuric acid which tume the litmus red ; the oxygen 
bubbles off from the platinum anode. 







^ ^ 



Fig. 19. 

When a substance is split up by a current, the components 
are called ion$. That which appears at the anode is called 
the anion ; that at the kathode is the kation. In the last 
experiment the ions were sulphion and sodium ; the sulphion 
was the anion, the sodium the kation. The original solution 
is termed the electrolyte. 

When the two portions of the liquid are mixed together 
the sodium hydroxide acts on the sulphuric acid and so 
returns to us sodium sulphate and water. The total result 
is that some of the water has been decomposed into hydrogen 
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and oxygen. There ia exactly the same quantity of the 
sodium sulphate as before. What we have eflFeeted is the 
electrolysis of water : this electrolysis however cannot take 
place unless there is some subetance dissolved in the water. 
NaaS0, = 2Na + S0„ 
2Na + 2H,0 = 2NaOH + Hi, 
2S0. + 2H.0 = 2HaS0, + 0„ 
2Na OH + HaSO^ = Na, 80, + H,0. 

ao. Pole-Testing Paper. Take a dilut« solution of 
sodium sulfdiate and add to it a little phenolphthalein. Use 
the mixture to moisteo a piece of absorbent paper. Now 
touch one part of the paper with a wire from the positive 
pole of a cell and another part with a wire from the negative. 
The spot touched with the negative wire will be turned a bright 
. red. The reason of this is that sodium hydroxide is formed 
round the kathode. Any alkali turns phenolphthalein red. 

31. Electrolysis of dilute sulphuric acid. Do this 
with a graduated Hofimann's voltameter. Notice the gases 
at each electrode and test them. Note the volumes. 

Q3. Electrolysis of copper sulphate. What would 
you expect if platinum electrodes are used? Bo the experi- 
ment to test your answer. 

Next set up a copper volt^neter. To do this take two 
plates of copper with terminals attached to them and let 
them stand in a vessel containing a solution of copper 
sulphate. They must be clean before the experiment b^ns. 
The current must pass for some time before you can see what 
has happened. 

In the electrolysis of copper sulphate, we have two ions ; 
copper and sulphion. Whatever the nature of the electrodes 
K, copper will be deposited on the kathode. If the anode is 
platinum the sulphion in coi^unctioo with the water produces 
oxygen and sulphuric acid. The copper of the copper sulphate 
is Uierefore gradually removed from the solution and deposited 
on the kathoda The solution becomes paler as the copper 
sulphate is gradually replaced by sulphuric acid. If however 
the anode is of copper, the sulphion unites with it aud forms 
copper sulphate. Hence as a result of the passage of the 
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current we get copper dissolved off the anode and exactly 
the aame amoiint deposited on the kathode. If the anode 
were of copper and the kathode of platinum or carbon, the 
current would convey copper from one to the other so that 
the kathode would be copper plated. Silver plating is done 
by using a silver anode and a solution of silver salt (nitrate 
or cyanide) as electrolyte : the article to be plated is the 
kathode 

33. Change in concentration. In the electrolysis of 
copper sulphate and of other electrolytes certain changes in 
the solution take place which are not readily 

observed in the ordinary voltameter. To shew e£^ 

this take a long wide glass tube ; fit it with ^^ 

a cork at each end. Pierce the corks and 
pass through them thick copper wires to serve 
as electrodes. The tube must be held vertical 
in a clamp and filled to such a depth with 
copper sulphate solution that the upper wire 
dips right into it. Now pass a current up 
the tube so that the lower end is the anode. p 

You will find that changes take place in the \ "^ 
colour and density of the solution. Of course 
on the whole there is no change in the total 
quantity of the copper sulphate solution, but pig 30 

88 the current passes the concentration be- 
comes greater near the anode but less near the kathode to 
a cori-espouding extent Liquid difiusion prevents all the 
salt fi'om accumulating round the anode and leaving the 
kathode clear. 

34. Secondary cetli. Take a pair of lead plates, say 
8 inches by 2 inches, and use them as electrodes in an electro- 
lytic cell The electrolyte is to be dilute sulphuric acid. 
Pass a current between them for a few minutes, then dis- 
connect the battery and join up the terminals of the lead 
plates to a galvanometer. What is the direction of the 
current now given ? Exactly the same effect is produced 
from the platinums in a Hofimann's voltameter after it 
has been used for electrolysis of water in the ordinary 
way. 



i 



"^ 



D,t„db,Google 



Accurmdators 21 

In 1859 GustaT Plants experimented with lead electrolytic 
cells, trying to make an accumulator or storage battery. By 
frequent charging — first in one direction and then in the 
reverse — he succeeded in "forming" the plates: that is to 
Bay in bringing the suriace to a softer condition and bo 
enabling them to take a much larger charge. 

The modem accumulator is not made quite in this way. 
In some kinds the electrodes are lead grids ; the positive 
filled with a paate of red lead (PbaO.), the negative with a 
paste of lithai^e (PbO). The electrolyte is dilute sulphuric 
acid. The acid acts on the red lead to form the peroxide 
(PbO,) and the sulphate (PbSO,). 

Id the process of charging the positive plate, which is of 
course the anode, is further oxidised while the negative is re- 
duced. In the discharge the action is reversed. Needless to 
say there is no actual storage of electricity : it is chemical 
energy that is acquired by the charge and expended by the 
discharge. 

The actions are perhaps denoted by the equations 
Positive, PbS04 + O + H,0 ^1 H,SO. +■ PbO„ 
Negative, PbO + 2H ;! Pb + H,0. 

The formation of sulphuric acid during the charge accounts 
for the increase of density of the electrolyte which may be 
observed. 

35. The chemical equivalent of copper. It is now 
necessary to do some quantitative work in electrolysis. We 
will begin by passing a current through two voltameters 
in series. The first has platinum electrodes in dilute sul- 
phuric acid, the second has copper electrodes in a solution 
of copper sulphate. Since the voltameters are in series, 
exactly the same current passes through each for the same 
time. The copper kathode must be weighed carefully before 
and after the current is passed. The volume of hydrogen 
liberated at the kathode must be found. We can then calcu- 
late the weight, for the density of hydrogen is "OOgrm. per 
litre. Correction should of course be made for temperature, 
prcBSure and the presence of aqueous vapour. The ratio of 
the weight of the copper deposited to the weight of the 
hydrogen evolved gives us what is known as the chemical 
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equivalent of copper. Calculate the value of this from your 
results To get good results with a copper voltameter 
attention must be paid to (1) the atren^h of current, (2) con- 
centration of the solution, (3) cleaning and drying of the 
plate. 

(1) A suitable strength is 1 ampere for every 60 sq. cm. 
of surface on which copper is to be depoBited. If the 
current is much stronger than this, the deposit is not 
coherent. 

(2) Make the solution by dissolving 300 grms. of copper 
sulphate in a litre of distilled water and adding lOc.c. of strong 
sulphuric acid. 

(3) Rub the plate with a rag and damp sand till the 
surfoce is quite bright Rinse under a tap. Dry it by first 
laying it between filter papers and then warming it gently 
near a fire. 

ae. The Ampere. It is usual to define the strength of 
a steady current by the quantity of a metal deposited per 
second by it The metal selected is silver which is readily 
deposited in a coherent form and does not oxidise quickly. 
The ampere is that eurreiit which deposits silver at the rate 
qf'OOllia grm.per second. 

Now silver is too expensive to work with in a school 
laboratory so that for our purposes we shall use copper as 
the standard. The quantity of copper however will not be 
'001118 gnn. but *00033 grm. An ampere then is a current 
which deposits copper at the rate of "00033 grm. per second. 

37. To test the readings of an ammeter, or to 
standardise a galvanometer. We shall do this by passing 
a current through a copper voltameter. Take a copper 
voltameter ; clean the plates. Now join up in series with 
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a constant battery (1) the voltameter, (2) the ammeter or 
galvanometer, (3) a variable resistance or rheostat. A con- 
venient foiin of rheostat is shewn in the diagram, fig. 21. It 
consists of wire spiral wound on a cylinder of slate. One 
end is connected to the terminal A. A sliding contact C is 
joined to the terminal B. The further C is removed from A 
the greater the eflfect in reducing the current. Adjust the 
rheostat till the anmieter gives a reading on that part of the 
scale at which it is required to make a t^t Let the current 
pass for a few minutes then stop it. Take out the copper 
plate which has been the kathode, wash and dry it and weigh 
carefully. Replace it and start the current again. Make 
a note of the exact time at which you do this. The reading 
of the meter must be kept constant during the whole of the 
experiment. You can do this by regulating the rheostat. 
The time required depends on the accuracy with which you 
can weigh and the strength of the current ; thus if the 
current is 3 amperes, you will get an increase of rather more 
than a gramme in 20 minutes. After sufficient copper has been 
deposited stop the current and note the time. Remove the 
kathode plate, wash, dry and weigh. Divide the increase in 
weight in grammes by the time in seconds. Divide this 
again by "00033. This gives the number of amperes in the 
current 

38. Faraday's Laws. It might be thought that the 
rate at which an ion was deposited by a current was not 
directly proportional to the strength of the current Either 
the nature or the size of the electrodes, the strength of the 
solution or its temperature, might make a differenca About 
1833 Faraday made many experiments to find this out The 
results of his work are summed up in the statements known 
as Faraday's Laws of Electrolysis. 

( 1 ) The mass of an electrolyte decomposed is proportional 
to the quantity of electricity which passes. 

(2) The mass of an ion liberated by the passage of a 
definite quantity of electricity is proportional to the chemical 
equivalent of the ion. 

We may gather the two laws together ui the statement 
that the mass of an ion liberated per second is to be found by 
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multiplying the product of the strength oF the current and the 
chemical equivalent of the ion by the factor '00001U4. 

These. laws may need a little explanation. Refer back to the 
experiment in Art 25. Here we found that the same current 
deposited 3r5 grms. of copper for every gramme of hydrogen 
and for every gramme of hydrogen there are 8 grms. of oxygen. 
These numbers, 31'5, 8, are the chemical equivalents of copper 
and oxygen and may be obtained without the aid of electricity 
at all. Now an ampere deposits '00033 grm. of copper per 
second, or it can liberate ■00033-^3r5, i.e. '0000104 grm^ of 
hydrogen per second, or -000083 (i.e. 8 x -0000104) grm. of 
oxygen per sec. The numbers -0000104, 00033, -000083 are 
termed the electro-chemical equivalents of hydrogen, copper 
and oxygen. They give the number of grammes liberated 
per second by a current of one ampere : they may be 
obtained by multiplying the chemical equivalent by -0000104, 

39. The coulomb is a quantity of electricity. A 
current of a coulomb per second is an ampere. We may say 
then that a coulomb is a quantity of electricity equal to an 
ampere-second or that an ampere is a current of a coulomb 
per second. For every coulomb that passes through an elec- 
trolytic cell the electro-chemical equivalent of each ion is 
liberated. Thus a coulomb will deposit '00033 grm. of 
copper, or '001 118 grm. of silver, or will liberate -0000104 grm. 
of hydrogen. 

30. Tangent Oalvanometeri, It will be easily under- 
stood that a meter after the fashion of a voltameter might be 
constructed to measure quantities of electricity. Some forms 
are on the market, but they do not seem to be very common. 
Instruments which give direct readings of currents in amperes 
are called ammeters. In laboratories however direct reading 
instruments are not always required and consequently tangent 
galvanometers are often used. The principle and construction 
ofthese will be described later. Meanwhile it will be sufficient 
to say that the usual laboratory form consists of a compass 
needle mounted at the centre of a ring on which several 
turns of wire are wound. The plane of this must be in the 
meridian. The compass needle will point North unless a 
current flows round the ring ; the effect of the current is to 
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deflect the magnet and this deflection is measured od a 
graduated card by meaua of a long pointer attached to the 
needle at right angles. When the compasa is North and 
South this pointer will be East and West over the zero 
graduatioD. 

The deflection is dependent ou (1) the number of turns of 
wire, (2) the diameter of the ring, (3) the strength of current, 
(4) strength of the Earth's field. 

When working with them be careful that 

(1) the bi^e is level, 

(2) when no current is passing, the plane of the coil con- 
tains the axis of the compass needle — ie. it must be in the 
meridian. The pointer should theu be at zero. 

(3) no iron is in the neighbourhood. 
Galvanometers have often several windings : for instance 

by connecting up to diflereut terminals you may be able to 
use 5 turns, or 50, or 51)0. The actual number ought to be 
marked on each instrument For measuring big currents use 
only a few turns : for small currents use a large number. 
The tangent galvanometer is so called because the tangent 
of the deflection is proportional to the current : hence the 
amperage of a current producing any given deflection may 
be found by multiplying the tangent of the deflection by a 
certain quantity : this multiplier is called the redttetion/aetor. 
Thus, if C denote a current measured in amperes which gives 
a deflection S, then C=k tan £, where k is the reduction fector. 
To find k and so standardise a galvanometer it is sufficient to 
pass a known current through the insti'ument and note the 
deflection. Thus suppose a current of 2*83 amperes gives a 
deflection of 29°. Then 

2-83 = it tan 29° = ft X 554, 

/. ft = 51, 
and the current corresponding to a deflection 63° 
= ft tan 53° 
= 5-1 xl-33 
= 678 amperes. 
When the reduction factor on a galvanometer is once 
found with accuracy it wiU be iiseful to plot a curve connecting 
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deflection with amperage. Such a curve is shewn in flg. 22 
for the particular example given : the values have been 
calculated from tables of tangents. Or a simple graphic 
method would do. Draw a right-angled triangle AOD (fig. 23) 
on any convenient scale such that the angle AOD is equal to 
the deflection corresponding to a known current in amperes. 
In this particular case we might draw AD of length 2*83 cm. 
to correspond to the current of a-SS amperes which produces 
a deflection of 29°. Draw the quadrant AB and mark off 
along it the degrees. 
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Deflections 
Fig. 22. 




Then the current which corresponds to any other deflection 
(say 53°) can be found by measuring the intercept EA made 
on AD by the radius inclined at 53° to OA. 

No reliance can be placed on values calculated from de- 
flections in the neighl)ourhood of 0° or 90° ; for very small 
mistakes in reading such angles give rise to serious errors. 
Thus tan 82° differs from tan 83° by 14 %, and tan 3° differs 
from tan 4° by about 34 °/„, but tan 45° differs from tan 46° by 
only 3i %. 
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31. To Ktandardise a galvanometer to measure 
amperei. Find the reduction factor in one of the following 
ways : 

(a) by deposition of copper, see Art 27, 
(6) by calculation from the formula of Art. 90, 
(c) by an accurate ammeter. Take a cell or battery 
of cells, a rheostat (or set of reBistances), and join up in series 
with an ammeter and galvanometer. Find the current which 
produces a deflection of about 45°. Then ae in Art. 30 draw 
up a graph to connect deflection and current. 

EXAMPLES* II 



2. A current of "75 ampere flows between two plates of copper 
immened in a solution of copper 8ulphat«. What changes take place in 
five minutes 1 

3. Calcula(« the number of ampere-hours required to obtain 5 kg, of 
oxygen by electrolysis. 

4. When Davy first obtained potasi^ium he was not absolutely certain 
that it came front the caustic potash : it might havecome Irom the electrodes 
or even from the air. Can you suggest any experiments he made — or might 
have made — to test this point 1 

5. In the electrolysis of wat«r it is found that the volume of hydrogen 
obtained is not exactly double that of oxygen. What causes could account 
for this ? 

6. During an experiment made with a copper voltameter to find 
whether an ammet«r was correctly graduated or not, the following readings 
were taken at the end of successive minutes :— 2'50, 2-45, 242, 2-41, 2-41, 
2-41, 2-40, 2-40, 240, 240, 240, 2-39. 

The actual weight of copper deposited was 570 grm. 
Wliat was the quantity of electricity which passed through the volta- 
meter 1 What was the average current ? Was the ammeter correct 1 

7. A tangent galvanometer reads 32° with a current of "26 ampere. 
What 'is its reduction factor 1 What current would give double this 
deflection 1 

' a The reduction factor of a galvanometer is '87. What currents 
produce deflections of 10°, 20°, .,.,80°? Draw a curve to connect deflection 
with current 

* Answers to examples are based oa data in tables at the end of the book. 
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9. Find the current from the following readings : Weight of copper 

kathode 85-02 gmifl. before; 86-18grm8. after. The current was kept steady 
tor 19 minutes. 

10. Aasumii^ the elecfew-ehemical equiTalent of silver to be 1)01 1 18 grm., 
find that of copper from the following reaults of an experiment in which 
silver and copper voltameters were joined in series : Gain in weight of 
silver kathode=755 grm. ; gain of copper— "252 gnn. 

11. A current was passed through a water voltameter and a copper 
voltameter in series. The following results were obtained : 

Volume of hjdrogen (corrected to h. t. p.) 92iP c.c. 

Volume of oxjgen 46'5 c.c. 

Mass of copper deposited 265 grm. 

If the density of hydrogen is -0896 grm. per litre and of oxygen sisteen 
times as much, find the chemical-equivalents of oxygen and copper. 

12. A current of IS amperes flows through a copper voltameter with 
platinum electrodes. What substances are liberated and what amounts 
per minute 1 

13. How much (nygen is liberated per hour by a current of '5 ampere 
flowing through a water voltameter 1 

14. How many coulombs are required to liberate a litre of hydrogen ? 

15. If a metal cylinder (radius 2 cm., length 15 cm.) were retated 
uniformly 80 that silver was plated evenly on its curved surface, find how 
long it would take to plate the surface with silver to a thickness of "01 mm. 
using a current of 1 ampere. Density of silver 106 grms. per cc 

16. A metal plate, surface area 200 sq. cm., thickness 1 mm., is plated 
with the same mebil so as te increase the volume 1 %■ ^ steady current 
of 1*5 amperes is passed through for an hour to effect this. Find the 
density of the metal if its e.c.b. is -00033. 

17. What will be obtained at platinum electrodes when (1) dilute 
hydrochloric acid, (2) sodium chloride solution, (3) silver nitrate solution, 
(4) strong hydrochloric acid, are electrolysed 1 
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33. Mechanical Units. In our work so fer we have 
introduced two new units, the coulomb and the ampere ; we 
are now going to introduce a third, the Volt Before doing 80, 
however, it may be well briefly to define a few terms used in 
Mechanics 

A force is said to do Wori- when the point of apphcation 
moves in the direction of the force : work is measured by the 
product of the force and the distance moved in the direction 
of the force. Thus if by exerting a vertical force of It) lbs. wt 
1 succeed in lifting a load through a height of 12 ft. the work 
done is 12 X 10 foot-pounds. In Electricity, however, these 
units of force and work are not convenient The unit of 
force we use is the D^ne, the force that acting on a mass 
of one gramme produces an acceleration of one centimetre 
per second per second. Compared with the pound weight it 
is very small : roughly it is equal to the weight of a milli- 
gramme. The unit of work is the Erg, or dyne-centimetre. 
It is the work done by one dyne when the point of application 
moves a centimetre in the direction of the force. It is a very 
small unit : too small usually for practical work, so we multi- 
ply it by tell million and call the product a Joule. A joiJe 
(= Iff ergs) is approximately equal to the work done in Ufting 
a kilogramme through ten centimetres. It is about 74 foot- 
pound The rate at which an agent works is called its power. 
The unit of power we use is the Watt. An agent works at 
one watt if its output is one joule per second. 746 watte are 
roughly equivalent to one horse-power. 
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Force, djiie (- gJr grm- wt> 

Work, the djue-centimetre or erg, 10' erg8= 1 joule. 
Power, joule i»er second or watt, 746 watta = 1 horse- 
power. 

33. Electricity and Energy. I remember looking up 
the word ■' Electricity " in a dictionary. All the information 
I obtained was that it was a " form of energy " : and even that 
was wrong, for whatever electricity may be it certainly is not 
energy of any kind. Energy is capacity for doing work. 
Neither electricity nor matter ie enei^, but both may have 
energy. Electricity in motion — i.e a current of electricity — 
has a certain kind of enei^ : matter in motion has also a 
kind of energy (kinetic energy). Electricity — as electricity — 
is almost useless. It is as a means of conveying, or directing, 
fenergy that electricity is employed all over the world to-day. 
It is necessary therefore to understand clearly the relation 
between the twa 

If I buy water from a Water Company I may need it 
either as water, e,g. for washing, drinking, etc., or for the 
energy I can get from it In the first case I shall be quite 
content to pay for it at so much per thousand gallons, and 
beyond satisfying myself of its purity shall need to ask no 
further questions. But the second case is not so simple ; for 
example, suppose I wished to blow an organ with a hydraulic 
motor. Consulting an engineer's catalogue, I find that with 
water at 50 lbs. per sq. inch I need 12 gallons per minute; 
but at 30 lbs. per sq. inch I need nearly double as much. Of 
course then if I want water for driving machinery I shaH not 
buy it by the gallon except on the understanding that the 
pressure of the supply is kept up to some definite amount. 
Then, though I speak of buying water, what I really buy is 
energy or work. 

So with electricity. To light my house I employ electricity; 
but electricity alone is as plentiful as sea water and would be 
just as useful It is energy that I really want, supplied elec- 
trically ; and it is for energy that I pay. I may measure the 
enei^' I use by an electricity meter as I might measure the 
energy I took to work a hydi^ulic engine by means of a water 
meter : I am willing to pay so much per coulomb for electricity 
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or 80 much per gallon for water, but only because I know that 
each coulomb or each gallon is associated with a definite 
amount of energj'. 

The Electric Light Company actually supply me with 
electricity at fourpence a unit— but the unit is neither a 
coulomb nor any other unit of electricity. It is 1000 watt- 
houra. As a watt is a joule per second 1000 watt-hours 
must be 1000x60x60 joules; hence I pay a penny for 
900,000 joules. 

34. To find the voltage of a supply. It is of interest 
to know how many coulombs are associated with each joule 
It is quite easy to find this out as follows. Take an ordinary 
lamp and connect up with "flex " to the mains. One of the 
wires of the flex must be severed and the ends joined to an 
ammeter (or galvanometer) as shewn in fig. 24, so that you 
can find out what current the lamp takes. The lamp is to be 
inserted in a vessel of cold water. The water should be deep 
enough to cover the glass, but not to reach the adapter. It 
can be held down in position by a clamp. Take the tempera- 
ture of the water and turn on the light for a measured time. 
Take out the lamp, find the new temperature of the water. 
Then weigh the water, and add to the result the water 
equivalent of the vessel. In this way you can get the heat 
delivered by the lamp in a known time. 




Fig. 24. 

In an actual experiment the following readings were taken : 

Current = '43 ampere. 

Time = 240 seconds. 

Therefore quantity of electricity used = 103 coulombs. 

Initial temperature = 15° C. 

Final temperature = 36° C. 

Mass of water= 122 grms. 
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The vessel was an aluminium calorimeter ; it« water 
equivalent was 9 grms. 

H«»t absorbed -(36 - 15)(9 + 122) = 2751 calories. 

Hence the supply \a at the rate of 27 calories per coulomb. 

Now heat is a form of energy : mechanical energy which 
we usually measure in joules can be transformed into heat 
energy, measured in calories. The rate of exchange is definite, 
4-2 joules are equivalent to one calorie Hence 4"2 x 27, 
i.a 1 13 joules, are supplied with each coulomb This number 
measures what is ca,lled the Voltage of the supply. Briefly, 
ToltB are Joules per coulomb. The above experiment was 
only a rough one, and the result not accurate. The supply is 
supposed to be at 105 volts. 

The thing that is measured in volts is often called Potential 
Difference (p. D.), or Electromotive Force (r m. f.). For the 
present we shall not trj' to define these terms. They are not 
exactly the same thing but there is no need yet to distinguish 
between them. Remember that the p. D. or b. h. f. between 
two points is measured by the energy developed per unit of 
electricity : and that volts are joules per coulomb See also 
Art 195 in Static Electricity. 

35, Pre«Kire and Work. The conception of voltage 
is often difficult to beginners : perhaps this is because we 
have no sense to detect it We have ^ 

a sense to detect pressure and tem- //"^ 

perature so that these two ideas 
present no difficulty. Suppose water 
is admitted to a cylinder fitted with 
a piston and that the piston area is 
one square foot Every cubic foot 
admitted to the cylinder will drive * 

the piston forward one foot aiid, if the pressure iap lbs. per 
square foot, exert a thrust of p lbs. weight on the piston : 
so that everj' foot of water will do p foot-lbs. of work. Hence 
to any one uufemiliar with the idea of pressure we might say 
that the pressure of still water is a quality in virtue of which 
it is able to do work; and that it is measured by the work 
per unit volume obtainable from it This definition of pressure 
is not the usual one, but it is analogous to the definition of 
voltage as the work obtainable per unit of electricity. 
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36. Voltmeteri. An engine-driver must know hie 
ateam pressure : he reads it on a gauge which has been tested 
against a standard. So also an electrician needs some kind 
of gauge to measure voltage (or the number of joules as- 
sociated witii each coulomb) ; he could not possibly undertake 
an experiment like the above every time he wanted this 
information. The instrument in general use is called a volt- 
meter. There are several diflFerent kinds. The theory and 
mechanism of one form will be explained later. Meanwhile 
you will be expected to use them, just as you might use a 
Bteam gauge without troubling in the least to understMid all 
about it 

Remember that a voltmeter is always connected up in 
parallel with the lamp, or wire, or motor, the voltage between 
the terminals of which is required : an ammeter is always in 
series. 

The main current does not pass through a voltmeter any 
more than the steam passes through a steam gauge. 

37. To make a galTaQometer serviceable as a volt- 
meter. We shall suppose that the galvanometer has a radius 
of about 12 cm. and 20 turns and that it is required to renter 
volts from about -5. With other ranges and sizes the details 
will differ. Take a DtuiieU cell and join it up to the tenninals ; 
the deflection will probably be well over 70° : in this case 
disconnect and insert in the circuit a resistance coil of such 
magnitude that the deflection &lls to about 20°. A 20 ohm 
coil will probably be about sufficient After the needle has 
become quite steady, read the deflection carefully : then 
change the battery terminals to reverse the current Find 
the new reading and take the mean of the two as the true 
deflection. 

Under the conditions of the experiment the E. M. f. 
between the poles of the Daniell will be about one volt Now 
draw up a table according to the tangent law exactly as in 
Art. 30. This galvanometer in connection with the resistance 
may then be used to measure B.M.F. up to about 5 volt« and 
80 replace a voltmeter. It must not be regarded as an 
accurate instrument 

If you use a galvanometer with about ' 200 turns with a 
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resistance of two or three hundred ohms, you may assume that 
the E.M.F. indicated is 1-06 volts when it is in series with 
a DanielL Such an instrument is much more accurate. 

38. To find the voltage between the ends of a wire 
in which a current is flowing and to test the reading of a 
voltmeter. The method is in principle exactly like that of 
Art 34, but this time the current will be taken not from 
high voltage mains but from a battery. Join up a few cells 
of a storage battery in series. Ck>nnect up in series (I) an 
ammeter A, <2) a coil of fine varnished wire v) immersed in a 
calorimeter C half full of water. The wire in the calorimeter 
must be joined in parallel with the voltmeter, F. 

It will be necessarj' to know 

(1) mass of water, 

(2) water equivalent of the 
calorimeter, 

(3) the initial and final tem- 
peratures, 

(4) the current, 
(6) the time during which the 

current fiows, 

(6) the reading of the volt- 
meter when connected up as in 
fig. 26. 

From (1), (2), (3) calculate the 
calories generated : multiply by 4'2 
to get the number of joules. From (4) and (5) calculate the 
number of coulombs that have passed along the wire. From 
these two find the joules per coulomb, Le. the volts between 
the ends of the wire. 

(N.B. This result does not give the B.M.P. of the battery.) 

Does the result agree with the voltmeter reading ? 

39. The power of a current. Suppose a current of 
C amperes flows along a wire and that the p. d. between the 
ends is V volte. The number of coulombe per second is C : and 
each coulomb is associated with V joules : hence the number 
of joules per second is C . V ; but a joule per second is a 
watt : hence the watts of a current are calculated by multi- 
plying the amperes by the volts. 




Fig. 26. 
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40. Motor Efficiency. Electricity is used not only for 
lighting and heating ; it is also used for driving machinery. 
The voltage of a supply may be calculated by finding the 
work per coulomb that can be obtained from a motor : but it 
must be borne in mind that when any kind of energy is 
converted into mechanical work, some quantity ia always lost, 
or rather dissipated in the form of heat The ratio of the 
output of work from a motor to the intake of electrical 
enei^ is called the efficiency of the motor. The next experi- 
ment is designed to find the efficiency of a motor under a 
given load. 

To measure the output of work we 
shall use a rope brake on the driving 
pulley. To one end of the rope is fostened 
a weight {A ), to the other a spring balance 
(jB). The direction of revolution must be 
as shewn. By knowing the weight at A 
and the reading of B we can find the pull 
of the rope at each side. Call the one P 
and the other Q Ibe. weight. Measure the 
circumference of the wheel : d feet say. 

Then the work done'per revolution on 
the brake = rf (P — Q) foot-pounds. h 

Find by means of a revolution counter ftle 

the number of revolutions per second. IS 

Of course this and all other readings must V 

be taken while the motor is running on I 

the brake. Call the number n, then Fie- 37. 

Mrf (P — Q) foot-pounds = work done in one 
second, but 1 foot-pound = 1 '36 joules, hence the rate of 
working is 1'36 x «d (P - Q) watts. 

To find the power absorbed, the current (C) and the voltage 
{V) between the terminals of the motor must be read : the 
first by means of an ammeter, the second by means of a volt- 
meter. The product of the two readings measures the watta 
supplied. Hence the efficiency under the particular load 
CV 
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l-36nrf(P-Q)' 
In a small motor the efficiency is likely to be low, perhaps 
only five or six per cent. In a large machine it may be 
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expected to be over e^hty per cent, under its normal 
Toad. 

41. Watts per candle power of an electric lamp. 

The candle power may be found by means of any suitable 
photometer. The voita may be read on a suitable voltmeter 
by connecting the mains directly to its terminals. The 
current taken by the lamp is found as in the experiment of 
Art 34. How does the result compare with the maker's 
advertisemente ? 

43, Potential. A steam gauge is said to read pressure : 
as a matter of fact it really reads difference in pressure, 
A gauge reading 60 lbs. per square inch indicates that the 
steam has a higher pressure than the air by 60 lbs. to the 
square inch. As the air pressure is about 15 lbs. to the 
square inch the actual pressure of the steam is about 75 lbs. 
per square inch. Some condensing steam engines take in 
steam above atmospheric pressure and eject it below : so to 
find the work which they ought to be able to do per pound of 
steam we require two gauges ; though indeed a single gauge 
might be made to suffice if its inside could conveniently be 
connected to the supply and the outside be subjected only to 
the pressure of the exhaust. If we take the atmosphere as 
a standard, pressures above it are conveniently reckoned 
positive, pressures below negative: we have to remember 
that neither reading gives a true pressure. 

Now all this applies in some degi-ee to electricity. Though 
we sometimes speak of the " |>otential of a body " what we 
really mean is the potential difference between that body and 
the earth. (The gas or water-pipes form a convenient " earth.") 
We know approximately the pressure of the atmosphere, but 
it is not constant and it varies from place to place. The 
potential of the earth is likewise variable, though we cannot 
find its actual value anywhere. It is however a convenient 
standard &om which to measure, for actual values are seldom 
required : it is the difference that is important If we say 
then that a body has a potential of 50 volts we mean that the 
p. D. or E. M. F. between that body and the earth is + 50 volts ; 
and that if the body were joined up by a wire to the earth a 
current would flow from the body to earth. If the potential 



sdbyGoogIc 



were — 60 volts, the current would flow in the opposite 
direction : in either case the work per coulomb would be 
50 joules. 

43. Potential Fall and Potential diagrams. If water 
is flowing along a level pipe— say in the main of a long 
street — the pressure is not the same at all points, for some 
energy must be spent in making the water flow. Thus at 
one end the pressure may be 25 lbs. per square inch, at the 
other only 20. Take the case of water driven round a closed 
circuit by a pump (P); suppose it is used to drive a hydraulic 
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Fig. 28. 

motor (M). The pump will deliver the water, say, at 25 lbs. 
per sq. in. : but the pressure will fall along the pipe be and 
may be only 20 at c The motor may absorb nfearly all the 
energy conveyed by the water so that the pressure falls to 
5 lbs. per sq. in. at dL The water then is returned to the 
pump again and is taken In at zero pressure at a. 
The diagram shews the tail in pi-essure. 
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Something analogous takes place with electricity. Current 
produced by a dynamo or battery has to pass not only through 
lamps or motors but also through wires or " leads." Hence a 
dynamo if it is to supply lamps at 100 volts must deliver at a 
rather higher rh.f. .than this — say at 105, Fig. 30 is a 
potential diagram, intended to illustrate this case : there is 
supposed to be a fell of 2J volta along each lead. 

If the leads are very thick 
and the current small the case 
is somewhat similar to that of 
water supplied through very 
big pipes and the fell in poten- 
tial is small. Id the next two 
diagrams the fell in the leads 
has been disregarded. 

Let us suppose that four 
25 volt lamps A, B, C, D are 
placed in series in a hundred 
volt circuits A 26 volt lamp 
is one intended to give its 
normal candle power when the 
B. M. F, between the terminals 
is 25 volta A hundred volt circuit is one in which the m^n 
wires or leads have a potential difference of 100 volta : one 
may be at 100 volts (above the earth) and the other at 0, 
flg. 31 ; or one may be at 50, the other at — 50, fig. 32 ; or one 
at 0, the other at - 100. No electricity is used up in passing 
through the lamp, any more than water is used up in passing 
through a water engine. There is the same current at all 
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parte of the circuit. There ie however a fell in voltage in 
passing each lamp ; in a similar way there is a iall in the 
pressure of water in passing through an engine. Some of the 
energy of the current is used up in the lamp ; some of the 
energy of the water is used up by the engina 




We shall conclude this chapter by placing in parallel 
columns some things in electricity which to some extent are 
analogous to other things in hydraulics. 

Water Electricity 

Cubic foot or gallon or pound Coulomb 
Current Current 

Cubic foot per sec. Ampere 

Pressure Potential 

Difference in Pressure K M. F. or p. D. 

measured m 
Lbs. per sq. ft. Volts 

Pressure gauge Voltmeter 

Pump Dynamo 

Water motor Lamp or electromotor 
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EXAMPLES III 

1. The burning of a kilogrunme of coal liberates about 8 million 
calories. To how many kilowatt-hours is this equivalent? 

2. A lamp takes a current of i ampere, and the voltage between its 
terminals is ^K). Find (1) tbe number of coulombs passed in one minute, 
(2) heat generated in one minuta 

3. A lamp is immersed in a vessel conbiining 300 grms. of water. If 
it takes a current of 1 ampere at 50 volta, how much vrill the temperature 
of the wat«r rise per minute ? 

4. Enet^ is sold by electric supply companies at a penny per kilowatt- 
hour (i.e. per "unit"). How much is this (1) per joule, (2) per calorie ! 

6. Amotortakesacurrent of 10 amperes at 110 volts. What is (1) its - 
power in kilowatts, (2) its horse-power ? 

6. What is the cost of boiling 30 gallons of water if energy is supplied 
electrically at 5d. per unit ? Assume that the water is originally at 10° C. 
and that 10 7, of the heat supplied is wasted by radiation, etc (1 gallon « 
4530 ac.) 

7. A carbon incandescent liunp requires energy at 3 watts per candle 
power. If the price of energy is Zd. per unit, find how long a 16 cp, lamp 
will bum for \d. 

8. A house is lighted by 45 lamps each of 16 cp., each taking 1*2 watte 
per cp. What h. p. b required to drive the dynamo ? 

9. In a house supply the voltage is 210. What quantity of electricity 
passes through the meter per hour when energy is taken at the rate of 150 
joulee per second 7 

10. An electric kettle holds two pints. It is stamped by the maker 
210 v., 3 amp. In a test on 210 volt mains it was filled with water at 10° C. : 
it boiled after 12j minutes. The readings of the meter before and after 
use were 607'860 and 807'991 units. The price of electricity is a penny per 
miit Find (1) cost per gallon of boiling water, (2) heat absorbed by the 
water, (3) percentage of heat wasted if the maker's stamp is correct, (4) if 
the readings are consistent 

11. A 16 candle power lamp is immersed in 260 grms. of water, the 
temperature of the water is found to rise 3° C. per minute. Calculate the 
watts per candle power. 

12. A fine wire is placed in 500 grms. of water in a light calorimeter, 
and 6 amperes are passed through it, an B.M.F. of 14 volts being observed 
between the ends of the wire. Calculate the rise in temperature in 10 
minutes. 
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13. Compare the coat of gaa and etectricitj per candle power from the 
following data : The cost of electricity is 2\d. per unit ; a 70 c.p. gas burner 
cpiisumes 5 c. ft. per hour; price of gas, 2». fl(£ per 1000 c. fL In electric 
lif^ting 11 watte are required per candle power. 

11 What does the following: statement mean 1 The mechanical equiva- 
lent of heat may be taken as 427 kilogram-metres per kilogramme-calorie. 
Find the cost of boiling 10 kgrms. of water originally at 20° C. with an 
electric supply at 3t^. a uniL 

15. If one gramme of hydn^ti is burnt in oxygen, the heat generated 
is 34,500 calories. Find how many (1) calories, (2) joules, can be obtained 
by burning the gaaes liberated by the passage of one coulomb through a 
water voltameter. 

(It follows from your answer that a certain minimum b. m. f. is required 
for the electrolysis of water.) 

16. The following particulars of 4 volt accumulators ai'e taken from a 
catalogue : 

Ampere.boorB Weight in lbs. 

10 2* 



60 12 

80 15 

Plot a curve to connect the weight and the energy in joules and state 
how many joules are associated witii a pound of lead in each case. 

17. Energy is conveyed from a waterfall to a town some distance away 
by means of electricity. The dynamo dehvers at 2050 volts, but in the 
town the B.M.F. is only 2000 volte so that there is a drop of 50 volts due to 
the leads. The current is 100 amperes. Find (1) the h.p. of the dynamo, 
(2) the percentage of ener^ wasted in the leads. 

18. In au Kdison accumulator the 300 ampere-hour cell weighs 25 lbs. 
and the discharge is at 1*2 volts. Find the energy stored per pound of 
material and find through what vertical height this energy could raise the 
cell 

19. Find the cost of boiling a quart of water in five minutes if electric 
energy is supplied at 2^ per b.t. unit : the initial temperature of water 
being 16°C. and the efficiency of the kettle 85 per cent. At what rate is 
the power supplied ? 

20. Comment on : 

" The heat equivalent of the watt is "24 calorie " ; 
" The energy from | pint of petrol is equal to rising 90O tons one 
foot in one nainute." 

21. Describe the experimental arrai^ments you would make if asked 
to determine the average value of an alternating current by means of the 
heat it derelopes in a coil of wire. 
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44. ReBistance. If the poles of a Daiiiell or Leclanch^ 
cell be joined by a long thin piece of iron wire, a very smaU 
current will pass along it : but if they be joined by a piece 
only an inch or two long, there will be a current which may 
be sufficiently large to make the wire red-hot The B.H.F. is 
not greater in the second case than in the first so that the 
current that flows through a nire depends on something 
besides the E.M.F. The other fector on which it depends is 
termed resistance. We are going to deal with resistance in 
this chapter. 

45. Relation between current and E.M.F. Take a 
length of wire — iron or German 
sUver will do — and join it up to 
a single cell (Daniell, or storage) 
through an ammeter. Join the 
ends of the wire to the terminals 
of a voltmeter (fig. 33). Kead 
the amperes and volts when the 
current is flowing. 

Now take two cells, connect 
them up in series and use them 
to drive a current through the 
same piece of wire. Take your readings again. Rei>eat with 
three cells in series and tabulate results. 




Fig. 33. 



volts -r- amperes 
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A convenieiit way of varying the last experiment is to join 
up to the mains the enils of a long wire stretched on a frame : 
the wire on which you are experimenting may be joined 
to different jyoints on the stretched wire. You can thus 
get a very large number of simultaneous readings of volte 
and amperes. 

You will notice that the numbers in the last column of 
the table in which you write your results are all the same for 
the same wire. (Of course they will not be exactly the same ; 
neither voltmeter nor ammeter is likely to be quite perfect ; 
and you cannot measure small fractions of a volt or ampere.) 
This shews us that the e.m.f. between the ends of the wire 
is directly proportional to the current passing through it 
This result was discovered by Ohm in 1826. We may state 
it in geoeral terms and at the same time define what is meant 
by reststanca 

46. Ohm's Law. If two places A {tnd B are connected 
together, then the Electromotive Force between A and B 
bears to the current which passes between them a ratio 
which is always the same for the same connection under the 
same conditions. This ratio {e.m.f. to current) is termed the 
resistance of the connection. 

Briefly, resistance Is Ei.M.F. per unit current. 

The resistance of a piece of wire is dependent on (1) the 
material, (2) the length, (3) the sectional area, (4) the tem- 
perature. 

If water passes along a pipe, the rate of flow is dependent 
on the diflference in pressure between the ends of the pipe : 
the greater the pressure the greater the rate, though the two 
are not exactly proportional. The flow is also dependent on 
the bore of the pipe and its length. 

47. To find the resistance of a wire. To do this 
directly from the definition of resistance is merely a repetition 
of the experiment of Art 45. The ratio E.M.F. to current 
^ves us what is asked for. If we measure E.M.F. in volts 
and current in amperes the unit in which the resistance is 
measured is termed the Ohm. An ohm then is the resistance 
through which an E.M.F. of one volt will drive a current of 
one ampere. Briefly, ohms are volts per ampere. 
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48. The Obm. This, however, \% not the definition of 
the Legal Ohm. The Legal Ohm is almost exactly equal to 
it, but ia defined as the resistance at 0" C. of 14*463 grma. of 
pure mercury in a column 106'3 cm, long and of uniform ■ 
cross section. 

49. Resistances in series. If several wires are joined 
in series, then the resistance of the whole is equal to the sum 
of their separate resistances. This may appear obvious ; but 
we give a formal proof dependent on Ohm's Iaw. 

jjLyrvrrrrrrrsrr 



Suppose Ti, r,, r„ ... are the resistances of the sei^rate 
wires, K the total resistance. Let a current C pass through 
them. By our definition of resistance we have 

r, = p. D. between ends of first resistance -h C, 
ft = „ >. It second „ -r- C, 

r, = „ „ „ third „ h-C, 

then by addition 

r,+rj+r3+,.,=P.D. between extreme ends of the conductor -i-C, 
but the P. D. H- current is defined to be the resistance, R, of the 
conductor, 

.'. R = ri+r, + 7-8 + .... 

SO. Resistances In parallel. Sup{>ose two places A 
and B are connected by several ditferent wires of which the 
resistances are ri, r„ etc Suppose current* Ci, c», etc fiow 
along these wires and that the difierence of potential between 
A and B is equal to E. 




Then by Ohm's Law 

E R ^ 

Ci = — , Cb = - , etc 
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Conductiviti/ 
Hence by addition 



but 01 + Ct- = the total current between A and S, and this 

divided by the difference of potential muBt be equal to the 
reciprocal of the total resistance ; 

1 1.1, 



The reciprocal of the resistance is termed conductimty : hence 
the conductivity of the connection is equal to the sum of the 
conductivities of the i)art8. 

The wires in this case are said to be arranged in miiitiple 
arc or in parallel. 

S 1 . Stranded Conducton. This result shews us that 
the resistance of a cable made up of several strands is 
inversely proportional to the number. Thus the resistance 
of ^ — ie. of seven strands of wire of 22 gauge — is one-seventh 
of that of a single strand the same length. The arrangement 
of several strands is adopted to make conductors flexible. 

53. Shunts. If a conductor is divided into two or more 
branches, the magnitudes of the currents through the branches 
are directly proportional to their conductivities, Le. inversely 
proportional to their resistances. In using measuring instru- 
ments it is often impossible to deal with the whole current, 



Fig. 36. 

SO that a galvanometer or ammeter is often shunted, that is 
to say its terminals are joined up through a resistance in such 
a way that the galvanometer and resistance are in parallel 
with one another. The main current then divides itself into 
parts proportional to the conductivities. Thus suppose the 
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resistance of the instmmeut is 1 ohm. If the terminals are 
connected by a wire of ^ ohm rcBiatance, nine times as much 
current will go through this shunt as through the galvano- 
meter itself; i.e. only one-tenth of the whole current will 
pass through the galvanometer. The current indicated by 
the galvanometer must therefore be multiplied by 10 to give 
the current in the main circuit 

53. Specific Re«lstance. We often speak about the 
specific resistance of a material; by this we mean the resist- 
ance of a cube of one centimetre edge when the current 
enters in at one foce and leaves at the opposite iace and the 
direction of flow is everywhere perpendicular to these parallel 
faces. 

If we know that a wire has a sectional area of a sq. cm., 
length I cm., resistance R ohms, we can find the specific 
resistance of the material— call this a-. 

The resistance of a wire is proportional to its length; 
hence the resistance of a wire I cm. long and 1 sq. cm. in 
section would be Irr. 

The conductivity of a wire is proportional to its cross 
sectional area; its resistance is therefore inversely propor- 
tional to its area Hence the resistance of a wire I cm. long 
and a sq. cm. in sectional area would be ^ -^ ff, 
.-. IL = l<rla, i.a a=aRjl. 

If a wire has a resistance K, diameter d, length I and the 
specific resistance of the material is a, then a = irePRHL 

If we measured specific resistance in ohms, the numbers 
for most metals would be very small indeed. It is usual 
therefore to select a smaller unit, the microfmi which is one 
millionth of an ohm. It is in terms of the micrahm that 
approximate values of sjrecific resistance are given in the 
table at the end of this book. 

54. Joule effect. The rate at which energy is spent — 
or heat developed^in the connection carrying a current 
between two points is proportional to the product of the 
K M. F. and the current. Ohm's Law states that the B. H. F. is 
proportional to the product of resistance and current It 
follows therefore that the heat must be proportional to the 
product of the resistance and the square of the current 



DiclzedbyGoOgle 



Heat 47 

Suppose that a current of C amperes flows between two 
places A, B, that the E. M. f. between A and £ is B volts and 
that the connection has a resistance of K ohms. Let the heat 
developed in ( seconds be H calories. 

In the time t the quantity of electricity which passes is 
Gt coulombs. The enei^ liberated is E joules per coulomb ; 
i.e. EC2 joules in all ; by Ohm's Law 



.■. energy = RC'(joule& 
Now 4'2 joules are equivalent to one calorie, 
.-. 4-2H = RC»t 



EXAMPLES IV 

L Two points are maiutamed b^ a battery at a constant potential 
difference of 48 volta ; they are joined by tiiree wires of resistances 6, 8, 
IS ohms. What ia the current in each wire 1 ' 

2. What ia the resistance of a wire which carries a current of 12 amperes 
when the b.m.f. between its ends is 3 volts ? 

3> In an electric light installation the mains are kept at a constant 
potential difference of 1 10 volts. They are connected together by 30 lamps, 
each taking ^ ampere. What is the resistance of each lamp 7 The total 
current in the mains 1 The resistance of these 30 lamps in parallel ? 

4. Pind the resistance (1 ) in series, (2) in parallel, of wires of resistances 
1, 1|, 2 ohms. 

« 14. 

6, Find the resistance per kilometre of a copper wire^ \ cm. radius. 

7. Pind the resistance per mile of 7/22 and 1/18 copper cables. 

a Three points A, B, C are joined by wires. BC is 2 ohms, GA is 
3 ohms, AB m\ ohm. What is the resistance to a current of 3 amperes 
which enters at B and leaves at 01 What is the current in each wire! 
What is the b.m.f. between B and (7 and between A and G1 

9. The resistances of the sides AB, BC, CD, DA and of the diagonal 
AC o( a. quadrilateral are 1, ^ 3, 1 and 2 respectively. What is the re. 
gistance of the whole to a current entering at A and leaving at 01 

10. Two places, A and B, are joined by two wires of resistances 5 ohms 
and 3 ohms. The potential difference between A and B is maintained at 
9 volte. Find the heat developed per minut« in each wire. 
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11. Two wires ure joined in series. If r,, rj are their reustances, find 
the ratio of the quantities of heat generated per second in them due to the 
passage of a current 

12. If two points — maintained at a constant difference of potential — 
are joined up bj several wired, shew tliat the quantities of heat liberated 
per second are proportional to the conductiyitiea. 

13. What is the resistance of a 50 watt lamp on a 250 volt circuit 1 

U. A current of water flows along a metal pipe at the rate of 3 Utres 
per minnte. It enters at a temperature of I3'S° C. and leaves at 1T'2° C. 
This rise is caused b}r tlie heat developed bj a current of electricity wliich 
flows along the pipe. If tho current is 12 amperes, find the E.M.P. between 
the ends of the pipe and the resistance. 

15. A current of I'Z amperes flows aloi^ a wire 6 metres long of 
resistance S'd ohms. Find the fall in potential per cm. along the wire. 

16. A galvanometer has a resistance of 30 ohms : its terminab are 
shunted with a wire of resistance 5 ohms. What fi'action of the whole 
current passes through the galvanometer? 

17. With what resistance must a galvanometer of resistance "2 ohm be 
shunted if only ■01 of the main current passes through the galvanometer ? 

18. How many amperes must be passed through a resistance of 100 
ohms to convert 1 grm. of water per minute into steam ? 

19. A current of 21 amperes passes through a spiral of wire of re- 
sistance 10*2 ohms immersed in a liquid contained in a jacketed vesseL 
4'2 grms. of the liquid boil awaj per minute. What b the latent heat 
of vaporisatiou of the liquid 1 

20. The poles of a cell are joined bj two lengths of wire cut from the 
same reel : one wire is twice the length of the other. Which wire will be 
the hotter ? In which is the greater heat produced ? 

21. The resistance of two wires in series is 36 ohms, in parallel 8'89. 
What is the resistauce of each i 

22. Two places are kept at a difierence of potential of 15 volts. They 
are connected by three wires in parallel of resistances 2, 3, and 4 ohms. 
What is the cmrent in each wire 1 

23. The resistance of a galvanometer is 25 ohms. With what resistance 
is it shunted if one-twentieth of the whole current passes through it ? 

24. A circuit, the total resistance of which is 20 ohms, has in it a 5 ohm 
ceiL What must be the resistance of a shunt for the coil which will cause 
the heat generated in the coil to fall in the ratio of 3 ; 1 ? 

25. The difference of potential between the terminals of an incandeocent 
lamp is 230 volts. The current taken is -25 ampere. How man; ergs per 
second are used and how long will it be before sufficient heat is generated 
to raise the temperature of a litre of water ten degrees ? 
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26. If 3 watts are required for each candle power in carbon lamps, 
what current does & 16 c-p. 100 Tolt lamp require ) 

27. Twelve wires, each of 3 ohms resistance, are joined up to form the 
edges of a cube. A current of 5 ampere flows in at one comer and out at 
the diagonally opposite comer. Find tbe current in each wire, Uie resist- 
ance of tbe frame and the f. d. between the oppodl« c 



28. A current of 5 amperes passes through a wire of resistance '4 ohm. 
Hon many calories will be generated in an hour ? 

29: A wire is uniformly stretched by oue-huudredth of its length. 
Assuming that the volume and specific resistance are unaltered, compare 
tbe resistances per metre before and after stretching. 

30. Six wires are joined together so as t« form a r^^ilar tetrahedron. 
Tbe current flows in at one comer and out at another. Find the resistance 
of Uie network if each wire is of resistance 1 ohm. 

31. Find from definition of the Ohm the specific resistance of mercury. 

32. A square ABGD is formed of a uniform piece of wire, and the 
centre is joined to the middle points of the sides by straight wires of tbe 
same material and cross section. A cnrrent is taken in at A and is drawn 
oS at the mid-point of BC. Find the equivalent resistance if a nde of tbe 
square is k ohms. 

33. A, B, C, D are four points in succession at equal distances a1oi% a 
wire ; and A, C and B, D are also joined by two other wires of the same 
length as the distances between these pairs of points measured along the 
straight wire. If a current enters the network thus formed at A and leaTes 
it at Z>, shew that oue-fifth of it passes along BC. 

31. AB is a wire of uniform length and thickness (resistance 3 ohms) 
and is trisected at and D. A C, CB are joined by wires of resistance 1 
and 2 ohms respectively and BZ>, DA are joined by wires of resistance 1 
and i ohms. The current enters at G and leaves at />. Find the resistance 
of the network. 



sdbyGoOgle 



CHAPTER T 

THE K.H.F. A5D BKSISTUCE OF A CELL 

55. Cfamnce ai VJD. witt cuiiaiU We haxe hitlmto 
made do distinction betrecn ElectrtMnotiTe Vtunx uid Po- 
{ential IMfiervoce. It » oeeeasmrj now to define what we 
mean by the "ElectromotiTe fwce of a ceD." Perform the 
fbHowii^ experimeDt 




Fig. S7- 



Take a eel) and join its tenninals to a Tohmeter. Join 
tbem op also dtroo^ au ammeter and a mriaUe resiHtance 
in aeries (aee fig. 37>- Take a series of readings of the rolts 
(EX amperes (C), and resistance (It). 
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51 



From this experiment you will see that the electromotive 
force between the poleB of the cell (or the potential diflerence 
between them) is not constant, but m dependent oo the 
current which the cell ie giving: the greater the current, the 
less is the E.M.P. (or f.d.) registered by the voltmeter. By 
the "electromotive force of the cell" we mean the KH.F. or 
P.D. between its terminals when the cell ia not giving any 
current at alL Thus if we say that the E.H.F. of a Daniell 
cell is I'l volts, we mean that the B.M.F. (or p.d.) between 
the poles that would be registered by a voltmeter is I'l volts 
if the cell is not being used to give a current. If however the 
cell is ^ving a current, the E.H.F. of the cell is still 1*1 volts, 
but the RM.F. (or p.d) between ita terminals wilt be less than 
1-1 volts. (See also Art. 6a) 

56. Hydranlid Model. It is easy to illustrate this fall 
In potential difference by a hydrauhc model. ABDE is a 
pipe containing water. C is a tap, shewn closed in the 
diagram, f is a rotary pump. At B and D are vertical 
pipes, which act as gauges. The difference in the levels of 
the water in these pipes gives the difference in pressure 
between B and D. 

If the pump is at rest, the water will be at the same 
height on each side: but if the wheel is being turned at a 



.ML 



D,t„db,Google 



62 The E.M.F. and Resistance of a Cett 

constant rate m the direction of the arrow it will tend to suck 
the water out of the right-hand half and push it into the left. 
The gauges will mark thie and shew the water in the left- 
hand side higher than in the right. This pressure difference 
between the Bidea will remain constant as long as the wheel 
18 turned at a constant rate, but if the tap C is closed, the 
machine can drive no current along BD. Now let the tap C 
be opened to some extent : the water b^ins to flow and we 
have a current from B to D. If the rate of turning still 
remains the sante as before, this current will soon be steady 
and the water in the vertical tnbes will take up new levels. 
B will be lower, D hi^er than before, shewing that the 
pressure diflerence between the sides has feJlen. Further 
the more the tap is opened (Le. the less the "resistance" of 
the circtiit) the greater will be the current and the less the 
pressure difference between the sides. We might speak of 
the difference in level when no current is allowed to flow as 
the "motive force of the machine " ; the difference in level, if 
a current is flowing, will always be leas than this "motive 
force." It might be called the pressure difference or motive 
force between the sides of the machine. 

57. Internal RecUtance and Ohm's Law. Take the 
readings in the experiment of Art 55, or better still take a 
new set Let the resistance range from say i ohm to 10 or 
20 ohms. Measure the E.M.F. of the cell by a voltmeter. To 
do this it is only necessary to join the terminals of the cell to 
those of the voltmeter, lie voltmeter is not required further 
in this experiment Denote the B.H.F. by E. Take readings 
of the resistance (R) and the current (C). 
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Now if you have had good instrumente and have taken 
careful readings you will find that the numbers in the last 
column are constant. Call this constant B. We hare then 



Le. C(R + B)=x:. 

B is called the resistance of the cell: or we sometimes call 
it the internal resistance. R is the external resistance. The 
current which the cell gives has to pass through the complete 
circuit : i.e. it has to pass throu^ the internal as well as the 
external resistance. We can now give Ohm'* law for a 
closed circuit. 

The ratio of the electromotive force of a cell to the current 
which it gives is equal to the total resistance of the circuit 
E<-C(K + B). 

A convenient means of shewing the result of this experi- 
ment graphically is to plot a curve between the reciprocal of 

the current ( = ) and the external resistance (R). 

Such a graph is shewn in %. 39. 




£xl*rnaJ resistance /i 
Fig. 39. 



It is plotted from readings some of which are given in the 
table on the followii^ V^S^ 
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All die poiDte lie neari; in tbe strai^t line AR lliis line 
prodoeed cute OX in a point D, oorreeponding to 5'4 ohmB ; 
this moBt be the renstwice of tie cell for the graph shews 

that R -I- 5'4 is always proportional to ^ , 

le. C (R -f- 5*4) = constant 

The constant measnres the E.M.F. of the cell It is equal 
to 1-8 volts. 

K yon nse a tangent galvanometer, plot the resistance and 
the cotangent of the deflection : for the latter is proportional 
to the reciprocal of the cnrrent There is no need to know 
the reduction &ctor to find the internal retostanoa 

: «= ^ ^ i ' 



58. To compare the K.M.T. of two colli. Call the 
B.H.F.sof thecells£i,E'; tiieir resistances B, B'. Supposewe 
join up each in turn in series with a galvanometer or milliam- 
meter aud a re«stance. Call tiie total external resistance R. 
We shall get cmrente C, C which can be measured. 

By Ohm's law we know B = C (R + B) ; K' = O" (R + B'), 
B C R + B 
whence W^&^'lt^'- 

This relation would give us what we required if we knew 
R, B, B'. K these are not known, we can still get our result 
if R is very large compared witii B and B'. Thus suppose 
R= 1000 ohms, B => 1 ohm, B' = -5 ohm. 

E C 100] C C* 

Then ^, = ^x j^^j^ = ^x 1-00005 =^,ahno8t exactly. 

This shews that the k.h.f.s of cells are proportional to the 
currents which they drive through a large reskrtance. 

In this experiment we do not require the actual current 
given by the cells : we only want to know the ratio of the first 
current to the second. There is therefore no real need to use 
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an inetniment gradoated in amperes (or in any subdivisions 
of an ampere). We could use a galranometer of any kind in 
place of a miUiammeter. 

58'. Voltmeteri. An ordinary voltmeter is really aa 
ammeter or galvanometer in which a high resistence is inserted. 
We could use a milliammeter with a resistance of 1000 ohms 
for finding the E.M.F. of a celL For suppose a cell of E.H.F. 
E volts is joined up to this : the current produced would be 

inno ^■°P^''^Bi i-^ ^ milliamperes. Hence every division on 

the scale would correspond to one volt We have assumed 
here that the resistance of the voltmeter is great compared 
with that of the cell. In some cheap voltmeters this is not 
the case, so that the readings that they give for small cells of 
hi^ resistance cannot be of much value. 



L A cell gives a current of 1*2 amperes when the external resistance 
is rs ohms and of 2 amperes when the resiatanw is '7 ohm. What is the 
E.II.F. and resistance of the cell) 

2, A battery drives a current of C amperee through an external 
resistance of R ohms. The values of C and R are given in the following 
table. Complete the table ; plot a curve between 1/C and R aud so find 
the resistance and k. h. f. of the battery. 



o 


118 


■95 


" -80 


■68 


■61 


■54 


'49 


K 


1 


2 


3 


4 


6 


6 


7 


1/0 

















3. A milliammeter, resistance 20 ohms, graduated from to 80 milli- 
aiuperes is to be used as a voltmeter to register up to '8 volt. With what 
extra resistance shonld it be put in series ? 

1. A pocket voltmeter is correctly graduated but has a resistance of 
only 5 ohms. What will be its reading when attached to a Dauiell of b. h. p. 
l-OS vdte and renstance '75 ohm ? 
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5. A voltmeter of ndBttmce 8 ohms is gntduated from to S rolta. 
Witli what resist&nce should it be put in series if it is intended to r^;iiiter 
up to 150 Tolta! 

6. A cell has an e. u. f. of 2 rolts and a resistance of '6 ohm. Rot a 
carve to illustrate the relation between external resistance and the p.p. 
between the poles. 

7. What current is produced by a cell of E. k. r. 1 -5 Tolta and reeistance 
'5 ohm in an external circuit of 375 (^me ? 

8. What E. M. F. is necessary to drive a current of 6 amperes through a 
wire of resistance of 1 '5 ohms 1 

9. The voltage of a town supply is 230. A 1 6 cp. lamp takes a current 
of "25 ampere; What is the resistuice of the lamp ? 

10. A cell of E.u.p. l'6Tolts is used to ring a bell. The resistance of 
the cell is "2 ohm, that of the connecting wires l^S ohms, and that of the 
bell 1'6 ohms. What current will be produced when the circuit is closed 1 



12. The readings of a voltmeter attached to the tenninals of a cell are 
"96 and "8 when the readings of an ammeter in the circuit are 2 and 2'5. 
Find the readings when the total external resistance is "213 ohm. What 
is the resistance and cm, p. of the cell 1 

13. A cell has a resistance of 2 ohms and an e.m. f. of 1*6 rolte. What 
is the p.D. between its terminals when connected to a wire of resistance 
6 ohms ? 

14 P^nd a relation to connect the current given by a cell, its remstance, 
■.H.p. and the voltage between it« terminals. 

15. What relation is there between the internal and external resistance 
in a circuit if the B. H. t. of the cell is 50 °/, greater than the p. d. between 
its terminals ? 

1& The terminals of a battery, of B.K.P. 4 volts and resistance 3 ohms, 
are connect«d by a wire of resistance 9 ohms. By how much is the p.d. 
between them reduced 1 

17. Find the current and the p.d. between the polee of a cell in the 
following cases : 

(1) £=2'4 volts, £=> '5ohm, A= 31 ohms; 

(2) £-.5'3 volts, S=2-4ohms, fl-10 ohms. 

18. A cell gives a current of -25 ampere in a coil of resistance 2 ohms. 
If ito internal redstance is "2 ohm, find its e.m.p. and the p.d. between its 
poles. 
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PRIMARY CELLS 



60. Heat produced by action of acid on zinc. Take a 

test tube half fiill of dilute sulphuric acid aod find its temperature. Weig^ 
out aome zinc fillDgs : '2 grm. will be about the proper amount. Put the 
zinc into the acid. Chemical actiou takes place. Zinc aulpliate is formed 
afi the zinc dissolves and bydrt^u is liberated. When the action has 
ceased read the temperature. Neglect the difference between the specific 
heat of ihe solution and that of water : neglect also the water equivalent of 
the test tube and the loss of heat that must take place during; the reaction. 
Calculate the heat evolved in the experiment and thence the heat generated 
hy the sulutiuu of one gramme of zinc in dilute sulphuric acid. If the ziuc 
does not dissolve quickly the action ma; be accelerated by the addition of 
a few copper turnings or a little copper sulphate. 

6 1 . Simple Cell, Ordinary zinc ia not pure : it contains 
small quantities of arsenic and iron and lead. It is said that 
quite pure zinc would not be acted on by the acid: such zinc 
is not easily procurable. If however ordinarj' zinc is first of 
aU cleaned with dilute acid and then dipped into mercury, 
the two metals combine and form an amalgauL Amalgamated 
sine is not readily attacked by dilute sulphuric acid. 

Take a beaker of dilute sulphuric acid and dip into it a 
rod or plate of amalgamated zinc Does any reacti(Hi take 
place ? Now dip into the beaker a conductor (copper, plati- 
num, carbon) which is not attacked by the dilute acid. Does 
this produce any effect ? 

Now join the zinc and copper together by a wire. What 
happena (1) at the copper, (2) at the zinc, (3) in the wire ? 

Test (3) by connecting through an ammeter and resistance 
and note the readings immediately the connection is made 
and see if it remains constant for the first half minute. 
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63> A Since Cell coiuiste of a pUte of dmalgamatod zinc aiid a 
plate of silver ruu^ened bf a deposit of platinum. Theae are dipped into 
a Teesel containing dilut« Bulphuric acid. The action is exact); like that 
of a simple cell, but the roughness on the silver enables the hjdrogen 
formed to escape quickly when the circuit is completed so that the cell 
gives a more regular and continnuus current 

63. The B.M.F. of a cell. If a gram of zinc is 
diBBolved in acid a certain definite amount of heat is liberated. 
This qtiantity is independent of the rate at which the zinc is 
dissolved. It does not matter if the solution takes place in a 
flask or in a simple cell. There is however this difference. 
If the zinc is dissolved in a flask in the ordinary way, all the 
heat generated is liberated in the flask : if the zinc is dis- 
solved in a simple cell while a current flows round the circuit, 
some of the heat is expended in warming the wire, the rest in 
wanning up the cell 

Supitose the resistance of a simple cell is B ohms ; let the 
(loles be joined by a wire of K ohms. Suppose a constant 
current of C tunperes flows round the circuit for t seconds. 
Then we know (Joule's Law) that the heat liberated in the 
wire is KC*2 -i- 4'2 calories ; that in the cell is BO^( -i- 4'2, 

total heat = (K + B) -;| . 

The total charge that passes in the ( seconds is Ot coultraibs. 
Faraday's laws tell us that one coulomb of electricity is asso- 
ciated with '00034 grm. of zinc. Hence the zinc dissolved 
iu the cell during the passage of Ct coulombs is 
■00034 X O^grm. 

Now we may find by a metiiod similar to that of Art 60 
that the solution of one gramme of zinc gives nm to an 
evolution of 580 calories. Hence when -00034 Qt grm. are 
dissolved we have 580 x 1)0034 Ct calories. 

If we may assume these two values of tlie heat to be equal, 
we get 

580 X -00034 Ct = ^^^ Ct, 

ie. (K+B)C--00034 x 4-2 x 680 = "83. 

Now Art 57 tells us that (B + B) C is the electromotive 
force of the celL We expect Uimi the e. m. f. of a sunple cell 
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to be about "83 volt The E.M.F. of moat other cells is higher 
because further chemical actions take place. 

We have this definition then : the electromotive force of 
a cell is measured by the total heat generated in the chemical 
action which must occur when a coulomb of electricity passes 
through the cell 

64. Polarisation. Take a simple cell: connect it up 
through a low resistance (say J ohm) and ammeter: note the 
current and see if it remains constant. It is convenient to 
use a rod of amalgamated zinc in this experiment and a 
fiiirly large plate of copper. The whole experiment is often 
fini^ed in a few seconds : but it may be repeated after the 
copper plate has been washed under the tap. 

After a simple cell has been in use for a few seconds the 
current it gives is found to diminish considerably. The cell 
is then said to be polarised. This polarisation is due to the 
bubbles of hydrogen which collect all over the copper plate. 
These bubbles have two effects: they keep the solution off 
the copper and so increase the resistance of the cell ; they 
also set up what is known as a back E.M.F. {v. Art 24). 

es. Daniell Cell. Several cells have been devised to 
get rid of polarisation and so obtain a constant source of 
B.M.F. In the Daniell the copper plate is surrounded by a 
strong solution of copper sulphate. The hydrogen instead of 
collecting on the copper act« on this solution, and is replaced 
by copper 

H,+ CuSO.= H,SO^ + Cu. 



Dilute A 
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The copper is deposited on the copper plate. The strength 
of the solution would gradually decrease ; but to keep up the 
concentration crystals of the salt may be placed on a ledge 
round the top of the vessel. The earthenware vessel and 
plate of copper are often replaced by a copper vessel as in 
fig. 40. 

Now zinc must not be placed in copper sulphate because 
the copper from the solution would be deposited on it. It is 
therefore necessary to keep the zinc and copper sulphate in 
separate compartments in the cell. This is conveniently done 
by having an inner porous pot. In this is placed dilute 
sulphuric acid and the rod of zinc The pot must be porous : 
otherwise no current could pass through the cell In the 
original cell made by Daniell in 1836 the "porous pot" was 
the wind pipe of an ox. 

66. OroTe and Bunsen Oelli. In both these nitric 
acid is used as a depolarising agent As this would rapidly 
dissolve copper, another subetAuce must be found for the 
positive pole : it is platinum in the Grove and carbon in 
the Bunsen. A porous pot is necessary to keep the zinc out 
of reach of the nitric acid. 



FiR. 41. 

In the Grove (fig. 41 ) the sheet of platinum is usually placed 
in a narrow porous pot which holds the nitric acid : the outer 
vessel holds the zinc and sulphuric acid. In the Bunsen the 
zinc and sulphuric are usually placed in the porous pot; the 
outer vessel holds the carbon and nitric acid. 
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The cells have a high B.H.F. and low reaietance but their 
use is restricted on account of the fumes which are liberated 
from the nitric acid, H, + 2HN0, = 2H,0 + 2N0,. 

67. The Chromlo Acid Cell. The constituents of this 
are zinc, carbon, sulphuric acid, chromic oxide (GrO,) or 
potassium bichromate. The last is the depolariser. No 
porous pot is necessary. The zinc plate is usually so arranged 
that it can be lifted up out of the acid when the current 
is not required. 



Fig. 42. 

68. The Iieclaach6 Cell. The poles of this are carbon 
and zinc; the depolariser is manganese dioxide: sulphuric 
acid is replaced by a solution of salammoniac. When the cell 
is in use, the zinc acts on the salammoniac, zinc chloride is 
formed and ammonia and hydrogen liberated, 

Zn + 2NH.a = ZnCl, + 2NH, + H^. 
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The ammonia escapes but the hydrogen unites with the 
manganese dioxide to form water and a lower oxide. The 
carbon plate is generally put in a porous pot: this is packed 
round with manganese dioxide and the pot sealed. 

This cell quickly polarises so that it will not give a large 
current for any length of tima Its chief merit consists in 
the &ct that it is not spoiled by standing, and that it rapidly 
recovers its normal voltage and resistance after use. It is 
admirably adapted for ringing electric bells, but would be 
quite unsuitable for lighting a lamp for more than two or 
three minutes. 

69. The Dry Cell. This is much like the Leclanch^ 
The positive pole, carbon, is placed in the centre. Round it 
is packed a damp paste of salammoniac, manganese dioxide, 
plaster of Paris. The outer vessel is made of zinc and acts as 
the negative pole. It is closed by a layer of pitch. This cell 
has the merits and defects of the Leclanch^ but the contents 
cannot spilL 

70. The Olark Cell supplies us with a standard of 
electromotive force. It is not used to give a current and 
should never be put in circuit except with an extremely high 
resistance. It is usually of very small size : being set up in a 
test tube about two inches deep and an inch in diameter. 
The positive pole is mercury : this is joined to the tenninal 
by a platinum wira The negative pole, as usual, is of zinc, 
liie mercury is at the bottom of the cell, above it a paste of 
mercurous sulphate, then a paste of zinc sulphate in which 
the zinc rod is immersed The whole is covered by a layer of 
pitch. 

The E. M. F. of the cell is 1 434 volts at 1 5° 0. It falls about 
■001 volt for every degree rise in temperatura The cell is 
often fitted with a thermometer so that the E.H.F. may be 
corrected for rise or fall of temperature. 

The Weston Cell supplies us with another standard of 
electromotive force. It is similar to the Clark, but the zinc 
and zinc sulphate of the latter are replaced by cadmium 
amalgamated with mercury and cadmium sulphate. Its 
advantage is that its e.m.f. of 1*019 volts is almost constant 
At ordinary temperatures. 
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71. arouping of Oella. (1) Series. Suppose we hare 
a battery of cells joined up in seriea : then the same current 
must pass through each of them. Now when a coulomb of 
electricity paflses through a primary cell, -00034 grm. of zinc 
are necessarily dissolved. The heat generated by the solu- 
tion of the zinc and by any other chemical action which 
may take place measures the B.M.F. of the cell. If then 
there are s cells in series, '00034 x a grm, of zinc per coulomb 
must be dissolved so that the E.H.F. of the battery must be 
s times that of one cell. The resistance is also s times that 
of one cell. 

A batterj' then of 10 cells in series each of E.M.P. r4 volts 

14 
and resistance "5 ohm would drive a ciurent of ir- — ,- ampere 

15+5 "^ 
through an external resistance of 15 ohms. 

(2) In parallel. If on the other hand we join up all the 
positive poles of p cells together to one terminal and all the 
negative to another and thus arrange them in parallel (or 
abreast) ; then when one coulomb passes through the external 

circuit, - coulomb will pass through each cell so that the 

total zinc dissolved in the battery is only '00U34 grm. per 
coulomb. In other words the K m. f. of the p cells in parallel 
is only that of one celL The current passing through the 
battery has p different paths: the resistance is therefore 

- of that of a single ceE It is evident that a battery of little 

cells joined in parallel is equivalent to a single lai^e cell 
A batter}' of 10 celts in parallel each of E.M.F. 1'4 volts and 
1-4 



through an external resistance of '1 ohm. 

(3) Mixed circuit Another method of grouping is to 
arrange the cells in rows, each row containing several cells in 
series. Thus supjiose we have p8 cells each of E.H.F. E and 
resistance B we could have p parallel rows, each row con- 
taining s cells in series. (In the figure there are twelve cells: 
they are arranged in three i>arallel rows of four.) The e.m,f, 
of the ps cells is evidently that of a single row — i.e. «K. The 
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resistance of a row is sB, the resistuice of the p rows is 
therefore - B, The current the battery will give throu^ a 
resistance R is therefore 

sE . psE 




nnn 




Fig. U. 

73. Maxtanum Current. With a given number of cells 
what arrangement should be made to obtain the maximum 
current through a ^ven external resistance? If the externa} 
resistance is very large, the cells should be arranged in series : 
if the external resistance is Yer>' small, they shoidd all be 
joined abreast^ 

The third grouping is useful when the external resistance 
is comparable with that of the cells. If we have n cells, 
where n can be fiictorised, our problem is to find the Actors 
psE 

a maximiun when the denominator pK + «B is a minimum. 
Now the product of pR and bB is fixed (= nRB) ; their sum 
is therefore least when they are equal to one another. (A 
rectangular figure of given area has least perimeter when it is 
a square.) We get then the maximum current if we can make 
pIL equal to sB. An example will make this more evident 

Suppose we have 24 cells each of B.H.F. 1*5 volts and 
resistance 1-2 ohms: how should they be arranged to give the 
maximum current through an external resistance of '46 ohm¥ 
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Divide the 24 cells into p groups, each consisting of 
« (= — ) cells joined in series. Then the E. M. f. of each group 
is 1*58 volts, the resistance 1'2« ohms. If the p groups are 
joined in parallel, the E.M.F. of the batterj- so formed is still, 
1-58 volts, but the resistance is only - of 1-2& 
Hence 

, 1'5« 1'5«8 24 X 1-5 

current = = — — — £— = — amnnrpn. 

1-2^+ -45 l-2« + -45p l-28+-45p*"P^'^'" 
P 
To make this as large as possible we must so arrange /) and « 
that l-2« + '45^ is as small as poseibla This is done by 
putting 1-28= '45p, 

i.e. 68 = Zp. 

But ps = 24, so that we must have 8 » 3, ^ = 8. 
Substituting, we get that the maximum current 



1. Why is the simple cell unsuitable for gener^ use ? 

2. How many cells, each of resbtance 5 ohm ande.H.F. 2 volts, would 
be required to drive a curreut of 1 ampere throngh a lonip of resistance, 
25 ohDis? 

3. Volta's pile cousisted of a series of discs of copper, ziuc, aud flanuel 
moistened with dilute acid, arranged in the following order ; copper, zinc, 
flannel ; copper, zinc, flannel, etc. Why wonld not this give a large current ? 
For what purposes could it be used f 

t A storage cell of e.m,f. 23 volte is connected up to two circuite in 
parallel. In tlie one is a voltmeter of very high resistance which relators 
1*9 volte ; in the other is a resistance coil placed in series with an ammeter 
of negl^ble resistance which registers 4'T5 amperes. Make a diagram of 
the apparatus. Find the resistance of the coil and of the cell, and the rate 
at which the cell is working. 
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6. Bij^b cells, each of k.ilf. 1 volt and the resisttuice '5 ohm, are 
arranged in series, and the terminaU joined b; & wire of 4 ohmg reaiatance 
immereed in 100 C-C. of water. The current is passed for five minntee. Find 
the rise in temperature of the water. 

6. Can two pieces of the same metal immersed in a solutiou produce a 
current ? Explain the current produced when the platinum electrodes of 
a Toltameter, recently in use, are joined up to an ammeter. 

7. What is the function of a porous pot in (1) the Daniell cell, (2) the 
Grove cell J Why must the pot be poroos J 

8. Two Teasels, one containing a copper plate and a solution of copper 
sulphate, the other a plat« of zinc and dilute snlphuric acid, are connected 
by an inTcrted U tube filled with dilute acid. The plates are joined by a 
wire. Explain carefnlly what takes place in the wire, in the tube, and in 
the two Tessels 1 

a the copper plate of a simple cell 

10. Can you give any reasons why the common primary cells have zinc 
for the negative pole 1 Could a cell with iron or magnesium be vafid 1 

11. Why should a Clarke cell never be used to give a cun-ent 1 

12. How is the efficiency of a cell affected by increasing the sice ? Is 
there any difference iu the currents given by cells of different sixes when 
the external resistuice is, say, 1000 ohms 1 

13. A current of one ampere flows for 10 minutes through a Daniell 
cell How much zinc will be consumed and how much copper will be 
deposited ? 

14 State what chemical action takes place in (a) Leclanchi, {b) Orove, 
(c) DanielL 

16. Compare the relative usefulness of (a) batteries of primary cells, 
(ft) accumulators, (c) dynamos, for generating current 

16. 8ii cells each of e.m.f. 2 volts and reeistance 1 ohm are used to 
drive a current through an external resistance of 5 ohms. Find the currents 
lawduced when the cells are (1) in series, (2) in parallel, (3) two parallel sets 
of 3 in series. 

17. What relation must there be between the eit«mal resistance and 
the cell resistance, if two cells give the same current when connected in 
parallel and in series! 

18. Find the current which two cells of b.m.f. 1-08 volts and resistance 
•5 ohm will drive through a resistance of '3 ohm (1) when in series, (2) in 

parallel. 
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19. A battery of 6 cells b arranged in mixed circuit so that there are 
3 rows containing respectively 1, 2, and 3 cells. If the b.m.f. of each cell 
is 2 rolts, and resistance 1 ohm, find the current through an external 
resistance of 12 ohms. 

20i Find the currents given by different arrangements of 6 celts, each 
of resistance 1 ohm, K.is.r.1 volt, with an external resistance of 6 ohms. 

21. You are given 4S cells, each of £.)lf. I'S volts and resistance 
'5 ohm. Find the greatest current the; nill produce in a circuit of 
1'5 ohms external resistance. 

22. OiTen 16 cells, each of resistance '6 ohm and e.ii.f. 13 volts, bow 
would yon arrange them to get the maximum current through 

(1) an external resistance of lOU ohms ; 

(2) a copper rod of resistance Dl ohm ; 

(3) a resistance of 2 ohms 1 
Find the current in each case. 

23. Three storage cells, each of b. h. f. 2 volts and negligible resistance, 
are joined in series, and the poles of the batter; so formed are connected 
by a coil of 6 ohms and a coil of 12 ohms in parallel Find {a) the current 
in each coil, {b) the heat developed per second in each coiL 

21. Three cells, each of E.M.7. I'S volte, are to be arranged either in series 
or in parallel. The internal resistances of the cells are '4, '5, '46 ohm 
respectiTely. Which arrangement will give the larger current through an 
external resistance of (1) 1 ohm, (2) 21 ohms t 

25. A circuit is formed of six similar cells in series and a wire of 
10 ohms resistance. The b.m.f. of each cell is 1 volt, and its internal 
resistance 6 ohms. Determine the difference of potential between the 
positive and n^ative poles of any one of the ceils. 

26. A battery of 12 similar cells in series screwed up in a box, being 
suspected of having some of the cells wrongly connected, is put into circuit 
witb a galvanometer and two cells similar to the others. Currents in the 
ratio of 3 to 2 are obtained according as the introduced cells are arranged 
so as to work with or against the battery. What is the state of the battery? 

27. A battery of 12 cells in series, each of b.h.f. 1 volt and resistance 
*G ohm, is joined up to a coil. What must be the resistance of this coil if 
the heat produced in it is a maximum ? 
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CHAPTER VII 

BRIDGE METHODS 

73. Wbeatitone'a Bridge. Suppose we have four 
points — A, B, C, D — which are connected tt^ether in the 
following way : A and B by a resistance R, A and i) by a 
resistance X, B and C by a resistance S, D and (7 by a 
resistance K. Let aiso A and C be connected to the terminals 
of the battery, B and D to the terminals of a galvanometer, G. 




Fig. M. 

Now by altering the resistances R aiid S we cau cause the 
current to flow in either direction through the galvanometer, 
or, we can so at^ust them that no current ^ov/s through at 
all. In this case all the current which flows along AB must 
continue to flow along BC, and that along AD must continue 
along DC. Oall these currents r,, r*,. 
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Now there is no current from i) to B, bo that there can be 
no p. IX between these points: therefore the p.d. between 
A and D must be the same as that between A and B, 
i.e. CIR=s<^,X. 

By exactly similar reasoning 

Hence by division 



or XS = RK. 

Hence the resistance of one arm can be found in terms of 
the other three. 

Perhaps it may be wel! to look at the method from another poiut 
of view. 

K current flows from .^ to i> through X and then continues to G 
through K. Hence the fall in potential between A and i> is to the fall 
between D and C as the resistance X is to the resistance X A mmilar 
relation liolds for the arms AB, BC. 

Now the potential at .5 is the same as the potential at D for uo current 
flows between these pointe. We have then 

X : K = fall between A and D : M between D and C 
= fa11 between A and B : fall between B and C 
-R:S. 
74. B. A. Bridge. The B. A. (British Association) bridge 
method of finding resistance is dependent on this principle. 
Fig, 46 represents the apparatus which consists of a known 
resistance X, a uniform wire RS, a sensitive galvanometer G 
and a battery. X is the unknown resistance. The thick 
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lines indicate bars of brass or copper having no appreciable 
resistance. The end {B) of the wire leading from the galva- 
nometer is not fixed but is joined to a jockey which must be 
moved up and down the wire RS until a point is found which 
is Buch that no current passes through the galvanometer on 
depressing the key. 

The resistances of the two parts of the wire RS are 
proportional to their lengths. Applying the results of the 
previous paragraph we see that the ratio of the resistance 
X to K must be the same as the ratio of the lengths of the 
two parts of the wire, 

i.e.x.|K. 

In makii^ an experiment it is advisable to verify the 
result by interchanging the position of the known and the 
unknown resistances. Assume the mean of your result to be 
correct The known resistance (K) should be chosen approxi- 
mately equal to what you think X is hkely to be. 

75. P.O. Box method of finding ResUtajice. The 

P. a box contains a series of resistances arranged as in 
fig. 47. 




In the top row, A,B,C, there are generally six resistances, 
1000, 100, 10, 10, 100, 1000: these correspond to the ratio . 
arms (R, S) in the wire bridge <Art. 74> The point B, which 
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is the junction of the two seta of three, ia joined by a con- 
nection (shewn dotted) to the terminal D through the key B 
and the galvanometer G. The terminalB O and D are joined 
to those of the unknown resistance X. The known resistance 
K consists of a series of coils : at ite ends are terminals A , D. 
A and C are connected through a key L and a cell E. 

Now suppose you wish to find the resistance X of a coil 
The apparatus is arranged as in the diagram. Feel the plugs 
and see that they are all juat tight in their conical holes. 
Pull out the two "tens" in the top row: press the galva- 
nometer key H and tap instantaneously the battery key L. 
There will be a small motion of the galvanometer : suppose 
the throw is to the right This means that if the known 
resistance K is smaller than X, the throw is to the r^ht. 

Now pull out from K a plug correaponding to a resistance 
which you believe larger than X. Suppose this is 300. Tap: 
if the throw is to the left, then the resistance of X is between 

and 300. Now replace the 300 plug, and pull out say the 
100. If the throw is to the right, X is bigger than 100. We 
may proceed until we find two consecutive numbers between 
which the resistance of the coil must lie. We can in this way 
find correct to an ohm the resistance of any coil between 

1 and 10000 ohme. 

The further working will be best explained by an actual 
example in which the result finally obtained was 6'83 ohms. 
Starting off exactly as before it was found that 5 ohnas in K 
gave a deflexion to the right, 6 to the left. To obtain the 
next figure 8, the resistance in ratio arm S was altered by 
replacing the ten plug and removing the 100. Since S is now 
ten times R, K must be t«n times X if we are to obtain a 
balance. It was found by experiment that 68 ohms in K 
gave a deflexion to the right, 59 to the left The resistance 
of X was therefore between S^S and 5-9 ohms. 

Now the 1000 in S was removed and the 100 replaced. 
With 584 ohms in K there was a deflexion to the left : with 
583 there was a very slight deflexion to the left The re- 
sistance of X was therefore just greater than 5'83 ohms. 

If it had been required to find the resistance of a coil of 
say 53,000 ohms, we should have had to use the larger resist- 
ance in R instead of 8. 
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76. The reiUtance of an electrolyte cannot be determined 
\>y an; of the above Diethods, for currents passing through electrolytes 
decompoHe them and there \a a. back e.u.f. to be consideitKL A meUiod 
often employed inrolves the use of a b.a. bridge, an alternating current 
and ft telephone receirer. The alternating current avoids the polarisation, 
fur the rapidity of the reversal of the direction prevents any appreciable 
quantity of the iong accumulating on the electrodes. The telephone 
replaces the ordinary galvanometer which only dctecU direct currents. 
When a balance between the arms of the brii^e is obtained the telephone 
is the least noisy. The compariHon resistances must be iiou-inductive 
(Art 137). 

77. Oalvanometer Resistance: Kelvln'i method. 

Place the galvanometer in the "unknown-resistance" gap of a 
a A. bridge. The middle terminal must be connected directly 
to the jockey and the batterj' placed between the other 
two terminally. 




There will always be a deflection in the galvanometer, but 
when the jockey is in the right position this deflection will 
not be altered by depressing the jockey key. 

The explanation follows directly from Art 73. For 
suppose that the imaition of the wire BD is found such that 
no current flows along it on making contact at B; then there 
can be no alteration in the previous currents in other parba 
of the apparatus and hence no change in the reading of the 
galvanometer in the resistance gap. 

78. Battery Resistance: Hance*! method. Hace 
the comparison coil K in the " known-resistance " gap, CD. 
Place the battery E in the unknown resistance gap BD. 
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Place the galvanometer G in the galvanometer gap BD. 
Place a tapping key k in the battery gap AC. 



fc3 



The jockey at B must be depressed the whole time. There 
will always be a deflexion in the galvanometer. The correct 
position of B is such that there is no immediate change in 
the deflexion of the galvanometer when the tapping key {h) 



The following reasoning though not quite satisfactory will be sufficient 
to explain the theory of Mauce's method. When the conjugate condition 
ie satisfied (i.e. 8X=:RKX the addition or alteration of any source of 
E.M.F. in the ami .^C' would not affect in any way the current in the ami 
DOB. Now the closing or opening of the key k changes the P.n. between 
A and C: this then will only fail to affect the current in G if thecoi^i^te 
condition is satisfied. 

79. The Carey Foiter Bridge is a modification of the b.a. bridge 
and is used to find the difference between two nearly equal resistances. 
In fig. 50, X and Y are these resistances ; H, K anotlier pair which should 
also be nearly equal though their actual values are not required. AC is a 
wire of uniform resistance, G a galvanometer, E a celL The arrangement 
then only differs from the b.a. bridge in having the extra gaps in X and Y- 




DiclzedbyGoOgle 



74 Bridge Methods 

Suppose £ ie the position for the jockey on the bridge wire when no 
cnrreDt passes through the galvanometer: then the conjugate condition 
must be satisfied, Le^ 

^ifxreaJHtauceof jrand^£:resistaneeof yand£C7. 

In other words Uie total resistance of X, V and ACm divided at B in 
the ratio H/K. 

Now interchange X and Y: suppose £" is the new position of the 
jockc;: tlien as before the total resistance of Y, X and AC is divided at 
S" in the ratio H/K; hence the resistance uf X and AB must be equal to 
the resistance Y and AB", so that the difference between X and Y most 
be equal to the resistance of the intercept BB" on the bridge wire. To 
find this resistauce, measure in anj way the tetal resistance of the wire and 
multiply it by the ratio BB'jAC. 
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THE POTENTIOMETBR : KIRCHHOFP's LAWS 

SO. The Potentiometer. If a steady current flows 
along a wire of uniform resistance there must be a uniform 
Jail of potential from one end to the other : or in other words 
the potential difierence between any two points on the wire 
must be proportional to their distance apart. 




Fig. 51. 

In the diagram (fig. 51) a battery of cells is joined up to 
a long uniform wire AB ; positive pole to A, n^iative to B. 
The terminal A is also joined up to the positive pole of 
another cell, say a DanielL The negative of this cell is 
connected to a galvanometer. The free end C of the wire 
leading from the gtdvanometer can be joined up to make 
contact with any point on the uniform wire AB. As long ae 
it is not connected up to the wire, the potential difference 
between A and C must be equal to the B.M.F. of the Daniel], 
for no current can be flowing through this cell. Now suppose 
X is a jMjint on AB such that the iall in potential between 
A and X is equal to this potential difference : in other words 
X is a point on AB such that the fidl in potential between 
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A and X along the uniform wire is equal to the fcill between 
A and C through the Daniell cell Then X and C must be at 
the same potential bo that no current would flow between 
them if they were united. If then this point X can be found 
Buch that no current flows through the galvanometer when 
the circuit is completed, the fall in potential between A and 
Xmust be equal to theE.M.F. of the Daniell cell. 

Now let the Daniell be replaced by another cell; say 
a Leclanche : a new point Y may be found cori-esponding to 
X We shall then know that the potential fell along AY 
is equal to the km.f. of the Leclanche. 

Hence 
E.M.F. of Daniell _p.d, between A and X _ length AX 
E.M.F. of Leclanche ~ p.a between J, and i'~length ^F' 

In laboratory potentiometers the wire AB ia usually 
mounted on a board in zig-zags : a sliding bridge fitted with 
a tapping key enables any point on the wire to be connected 
to the cell under test 

81. To compare E.U.F. or find Voltage. Take an 
accumulator or batteiy of rather higher e.m.f. than that of 
either of the cells to be compared, and join its positive pole 
to one end {A) of the potentiometer wire. Join the positive 
pole of one of the cells to the same end {A). Connect up the 
negative pole of the cell through a sensitive galvanometer to 
the bridge key and the negative jwle of the accumulator to 
the other end {S) of the potentiometer wire. Move the 
bridge about until you find a point on the wire such that no 
deflexion is produced ui the galvanometer by depressing the 
key and making contact Measure the distance of the point 
from, the, end A. 

Replace the first cell by the second and proceed as before. 

Tofirid the voltage of a eeU compare tlie E.M.F. with that 
of a known cell : say the standard Clark (1 '435 volts at 1 5° C). 

For low voltages the modification described in Art 101 
is useful 

For high voltages we may connect up in the method 
shewn in fig. 52. We will suppose that A and B are points 
on the mains of a lighting circuit, the voltage of wljch is 
known to be about 200. If the resistances of B^, fi, are 4950 
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and 5U ohms respectively then the potential difference between 
the terminals of R, is one hundredth of the potential differ- 
ence between AB and therefore about 2 volts. If then we 
find exactly by use of the potentiometer in the ordinary way 
the potential difference between the terminals of R, and 
multiply by 100 we get the result required. 



>-C 



Fig. 53. 

83. To compare the reaUtancea of two coils by means 
of the potentiometer, a constant current is passed through 
the two in series, fig. 52. The potential difference between 
the ends of each resistance is then found by joining the 
resistance terminals up to the potentiometer in exactly the 
same way as the cells were joined up in the preceding 
paragraph. 

The ratio of the potential differences in the two cases- must 
be the same as the ratio of the resistances of the coils. 

If no bridge is supplied with the potentiometer, a con- 
venient method of making contact is to insert the loose end 
of the wire into the hinge of a knife and place the back of the 
blade on the wira 

83. Extension of Ohm's Law. Suppose a cell of 
electromotive force E, internal resistance b, gives a current c 
through an external resistance x. Tlien the potential dif- 
ference between its poles is, by Ohm's law, cat. We also 
know tlmt B = c (a; -^ 6). Hence when a current c passes 
through a cell of electromotive force E and resistance b, the 
potential difference between its terminals is E - c&. 

Let two points PQ be joined together by wires of total 
resistance r and a cell the B.M.F. of which is E and the 
resistance b. If they are not connected in any other way, of 
course no current can flow : let them, however, be connected 
in some way — say by a wire or by a second cell — and let the 
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78 The Potentiometer: Kirchhoff's Laws 

current which now flows he denoted by e. Then, aa we have 
seen above, the potential difference between the poles of the 
cell must beB-e&. 



Fig. 6S. 

The current e flows also through the resistance r: the 
drop in potential therefore between P and Q due to this 
resistance is er: subtract from this the rise in potential 
through the cell and we get the result that the total potential 
difference between P and ^ = cr - (E - c6), 

i.e. the P.D. between P and Q =e(r + b)~'K. 

Hence if two points P and Q be connected by a conductor 
the potential of P above Q tt^ther with the electromotive 
force of any cell in this connection is equal to the jHwiuct of 
the current and the tot^ resistance. 

Or if jj and q denote the potentials of the points P and 
Q, p~q+T=' OR. 




Fig. H. 

In this formula the current is supposed to be from P to 
Q: the cell tends to drive in the same direction. If either of 
these is reversed the sign of the corresponding term must 
also be reversed. 
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84- An esample will make the use of the formula clear: 

The positive poles A, A' of two cells of 
E.1I.P. 2 volts, 3 volts and resistance 2, 
1 ohnu are joined b; a wire AXA' of 
resistance S ohms, and the negative poles 
B, B' by a wire B YB' of resistance 6 ohms. 
X, Y are the middle points of the wires ; 
find the p.d. between X and Y. 

Suppose the current is c and that it flows 
in the direction of the arrow on the wires : 
the arrow on each cell denotes the direction 
of the X. u. F. of that cell. 

The total e.m.p. of the circuit is (3-2) 
volts. The total resistance is 8+6+2+1 
ohms; hence c=^ amp. 

Denote the potenti^ at X and Y b; the 
small letters :c, p. Take tlie connection 
from X to y through AB and apply the 
fbrmnla noting that the direction XABY 
is the same aa that of the current and 
opposite to that of the E. K. F. of the cell AB. 

.-. ^'-y=2A. 
Had we parsed from X to F through A'B', we should have had 
a,_y_3 ^(4 + 1+3)^ i.aa:-i/-2^. 

85. Kirchhoff'B Laws. I. If there is any network of 
conductors in which the currenta hare reached a Btead; 
state, then the total current entering any point is equal to 
the total current leaving that point. 

This is evident, for if otherwise there would be an ac- 
cumulation of electricity at the point, so that the distribution 
could not be steady. 

(In Fig. 56, c, + c, = c, + c«.) 




Pig. 55. 



Hence 
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11. Suppose that in any network of conductors, such as 
Fig. 56, we take any closed circuit ABGDEF. Each arm 
will have a resistance : it may or may not include a cell or 
other source of B.H.F. Denote the current in the arms AB, 
BC, ... by the sjinbols Co*, Oje, . . . , the electromotive force by 
EaA, Bbe, . . . , and the resistance by "Stab, Bbe, . . . , the potentials 
at tJie points A, B, ...hy a,h, Then by Ohm's Law 

a — 6 + Eoi, = OobRot, 

6 - c + Etc = Oj^Bk, 
etc. 

.-. by addition Eo4 + B[,+ ... B«, = Oal,»a6 + ...C™Itea, 

or SB = SOR. 

This result is known as Kirchhoff's Second Law. 

If in any closed circuit of a network we multiply the 
current in each arm by the resistance, the sum of the products 
thus formed is equal to the sum of the K M. F.8 of the circuit 

Bzamplea, I. Apply to th« case of Whe&tstone's bridge, F^. 45, 
Art. 7.3, ■ . 

(1) forthecirciut.45GA0=c,It+0+(-Cj)X, ie. CiR=tf,X, 
(2). tbrthe circuit 5CZ»G,0=»=c,S+(-cs)K+0, i.e. c,S=c,K,, 
R X 
whence W '^ K ' 

2. Applj to the potentiometer circuit, Pig. 51, Art. 80. 

If I is the current along the poteutiometer wire, R the resistance of 
AX, E the E. M.F. of the cell, then applying the second law to the closed 
circuit through AX, the galvanometer imd the cell we get 

iR+0-B=0, 
i& the B.M.F. of the cell is proportion^ to the resistance intercepted 
on the potentiometer wire. 

3. Two cells are connected up 
as ehevm in the diagram through 
resistauces to the terminals of & 
galvanometer ; find the current 
through the galvanometer. 

Adapting the usual notation and 
applying the laws to the circuit 
through the galvanometer and the 
Rrst cell 

Bi=ci{Bi+R,)+(c,- 
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Similarly 

ii:,=Cii(Bj+R,)+(Ci-ci)a 

From these equatione n, and Cj maj be determined. 

A particular case is uaefuL Let Ri and Kj be bo chosen that n 
current passes through the galvanometer, then C] - Cj = and the equation 
become 

B,=c,(B,+Ri), B,-ri(Bi,+Rs), 

whence =■' = ^ — ' = =? approximately if the external resistances ar 
large compared iritli the internal 



1. Devise and sketch a b.a. brii^ in which the wire is a metre long 
but is divided into two halves, placed parallel to one another and joined at 
one pair of ends by a strip of brass. 

e of a B.A. bridge is of 

3. In a B.A. bridge the wire has a resutance of 06 ohm : the reeiatences 
to be compared are both much greater. Would it be of any service to 
replace the wire with one of higher resistance 1 Give reasons. 

4. On a B.A. bridge the wire is one metre long. The unknown resist- 
ance is compared with an 8 ohm coil. What will be the position of the 
jockey on the wire in the following cases ; (o) J!=r5 ohms; (&)*— Sohma; 
(c) 3!— 50 ohms? If til© experimenter makes au error of 3mm. in the 
position of the jockey, by how much per cenL would this affect the 
calculated result in each case 1 

5. In the B.A. bridge, why is it desirable that the known resistance 
should be chosen of something like the same magnitude as the unknown t 

6. Two cells are joined in series. Their common terminal is connected 
to B. wire of resistance 3 ohms, the other end of which is connected by 
wires of resistance 2 ohms and 1 ohm to the remaining terminals of the 
cells. If the cells are each of B. H. F. 2 vdts and resistance 1 ohm, find the 
current in each wire. 

7. Why cannot the Carey Foster bridge be used unless (a) Z and Y, 
(6) tf and i^ are nearly eqnal ? 

8. In a Wheatstone Brii^e arrangement the resistances in ohms of the 
arms are £=^3, i5'=2, J£=5. What must be the unknown resistance, X, if 
theconjugate condition is satisfied? If X has actnally only half this value, 
find the P.D. between the galvanometer terminals when a total current of 
1 ampere is being taken from the battery. 

w. 6 
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82 Examples 

9. What is the fall in potential per centimetre along a potentiometer 
wire, S metres long and reaistance 26 ohms, when a curreot of "04 ampere 
passes along it I 

1<X When a Clark cell is on a potentiometer the jncke; is 359 cm. from 
the end. Where will it be for a cell of e.u.p. 1-08 volts? If the current 
in the potentiometer was "028 ampere while the Clark was under teat, but 
fell to 024 while the second cell was being tested, what would be the 
position found? What error would be made in calculating the h.n.f. ? 

IL AXBY is a square formed of 4 wires XA, A Y, YB, BX of 
resistances 1, 2, 3, 4 ohms respectively. At .X" and F cells of b. m. p. 1-2, 
11 volts, internal resistances O-S, 0*9 ohm respectiTol; are introduced. If 
the cells be placed in opposition, find the p.d. between A and B. 

12. The positive poles A and B ot & Grove and Daniell cell tue joined 
b; a wire of 03 ohm resistance, and the n^;ative polea G and Z* by a wire 
of 05 ohm. What b the difference of potential between the middle points 
ofABattdCDt 

Qrove cell : resistance ^0*2 ohm, K.M.i'. = l'8 volts. 
Daniell cell: resistance *>' 0*4 ohm, e.m.f.^I'I volts. 

13. A circuit is made up of (1) a battery with terminals A, B, its 
resistance being 3 ohms, and it« h.u.p. 2'? volts i (2) a wire .5(7 of resistance 
r5 ohms; (3) two wires in parallel circuit, CDF, GEF, with respective 
resistances 3 and 7 ohms; (4) a wire FA of resistance I'S ohms. The 
middle point of the last wire is put to earth : find the potential at the 
points A, B, C, F. 

U. The terminals of a battery, of B. u. f. 4 volts and resistance \\ ohms, 
are connected to those of a battery, of e.h.f. 3 volts and resistance ^ ohm, 
by wires of resistances 1 and 6 obnu respectively, so that both batteries act 
in the same direction. Shew that if a third wire be placed so as to join the 
middle points of these wires no current passes through it. 

16. The current from a Daniell cell (B-h.?. 11)8) passes through a 
reMstance of 1000 ohms and a potentiometer wire in seriea If the wire is 
10 metres bng and has a resistance of 2-3 ohms per meti^ find the fall in 
potential per metre along the wire. 

16. Explain with a diagram how a potentiometer in coi^unction with 
a set of standard resistances might be used to test the readings of an 
ammeter. 

17. How might a potentiometer be made to measnre a small potential 
differeuce, say DOOl volt ? What kind of wire should be used in a potentio- 
meter 1 Should it be thick or thin ; of high resistance or of low ? 
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CHAPTER IX 

GALVANOMETERS 

86. The Electromagnetic System of Unlta. Ab in 

mechanicB it is convenient to build up a system of unite — dyne, 
erg, watt, eta — whicli are simply related to one another and 
derived by definition from the centimetre, the gramme and 
the second ; bo in electricity and magnetism we find it well to 
define om- unite by reference to these three units of length, 
time, mass and one other. Tliis fourth is the unit magnetic 
pole. It is defined in Art 4. In Chapter I we saw that a 
compass needle waa affected by a current : that a current has 
a magnetic field. Suppose a wire carrying a cmreDt were 
wrapped into a ring of one centimetre radius. A unit north 
pole placed at the centre of this would experience & force at 
right angles to the plane of the coil. If the number of dynes 
in this force is the same as the number of centimetres in the 
wire, the strength of the current is said to be one eleetro- 
magnetic tmit. In other words, if a current flowing round a 
ring of wire (one turn only) of radius one centimetre exerts a 
magnetjc force of 2ir dynes at the centre,"the measure of the 
current is one, if we adopt the ao-S. electromagnetic system. 

Unit charge is the quantity of electricity conveyed in one 
second by a unit current 

The wiit q/" E. M. F. between two places is that which exists 
if unit work (one erg) is done by the passage of unit charge 
from one to the other, {v. also p. 118.) 

The unit resistance is that of a connection in which unit 
current flows under unit potential diflerence. 

6—2 
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Si Galvanometers 

87. Practical Units. These C.O.S. electromagnetic 
units however, though UBefiil for ecientific work and measure- 
menta, would be cumbrous m everyday use. More con- 
venient ones have therefore been devised, (a) the ampere, 
Art. 26, (6) the volt, Art 70, (c) the ohm, Art. 4a 

The definitions of these quantities are quite arbitrary but 
they were chosen so that as nearly as possible 
1 ampere^ 10-'C.O.s. unit current, 
1 volt = lO'CO.s. units of electromotive force, 
1 ohm = ICCO-a onits of resistance. 
The only other practical unit which we need mention is 
the farad : it is the unit of capacity. A condenser has a 
capacity of a ferad if its charge is a coulomb when the p.d. 
between its plates is a volL It is a very big unit and its 
millionth part, the microfarad, is in general use. 

88. Force due to current in a circular coil. The 
force exerted by a current on a unit pole would be very hard 
to measure directly, but it is easy to compare that force with 
the earth's magnetic field. To do this suppose 
that a coil of wire of any radius is so placed 
that when a current passes round it the force 
exerted at the centre of the coil is horizontal 
and due Kast or West We can arrange this 
if the plane of the coil is vertical and its axis T 

East and West: then its plane is in the plane | 

of the magnetic meridian. Call the force due 
to the current P. Call the horizontal com- 
ponent of the earth's field H. Then the hori- 
zontal forces actii^ on a unit pole at the 
centre of the coil are P, due East or West, H 
due North. 

By the parallelogram of forc^ we know pig, 53. 
that tlte resultant of these two forces will be 

inclined to H at an angle S such that tan S = ^^ {v. Art 8), 

Now a small compass needle at the centre of the coil 
would point in the direction of the resultant force there: 
Le. would be deflected from tlte meridian through the angle S, 
where F = H tan £. 
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Windit^s 85 

88. To find how the force due to ft current in a galvanometer coil 
depends on (1) the strength of the cun-ent, (2) the nnuber of turns of wire, 
(3) the radiuB of the ring, 

(1) Put in series with the galfanometer an ammeter and a variable 
resistance and join up to the terminals of a cell. Find the reading of the 
ammeter and galvanouieter with different resistances in the circuit 

Enter the residte in columns headed (1) Current, (2) Deflexion, (8) Force 
due to current { = ff tan fl), (4) Current : force. I'lot the relation between 
the current and tan 8 on squared paper. 

(2) To find the effect of the number of turns it is convenient to use an 
unwound galvanometer, a cell, and a long wira 

Connect the two terminak of the cell b; the wire. Place the galvano- 
meter with the coil in the jA&ae of the magnetic meridian. Now wrap a 
sin^e coil of vrire on the ring and note the deflexion. Bepeat with two, 
three, four, etc., coils of wire. 

Put your reaidts in tabular form shewing the relation between the 
number of coils and the tangent of the angle of deflexion. 

(3) To flnd the effect of the radius of the ring we make use of a 
galvanometer with concentric windings of different radii Paw a current 
through one winding : notice the deflexion and the current. Calculate the 
force per turn per ampere. Repeat with the other windings. Tabulate 
your results to shew how the force per turn per ampere changes with the 

We could vary the method by using an unwound galvanometer wit^ two 
rings and a long wira Connect the terminals of the cell with a long wire. 
Wrap any numtter of coils (say 2) of this wire round the mner ring. Now 
lead the wire to the out«r ring and wind the wire in the reverse direction, 
putting on just so many coils as will suffice to bring back the needle to the 
zero positioa Compare the numbers of the coib with the radlL Repeat 
the experiment varying the number of coils on the first ring. 

90. Reduction Factor. These experiments tell ub 
that if a current flows round a galvanometer coil, the force 
that it produces at the centre is (I) proportional to the 
strength, (2) proportional to the number of turns, (3) inversely 
proportional to the radius. 

Now a current of 1 ampere flowing round a ring of one 

r27r^ 



10 
centre of a ring of n turns and radius r cm. 

If this force, F, produces a deflexion 5 of a small magnet 
at its centre, we know that 

, 2ir«C . « lOHr ^ „ 
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86 Galvanometers 

The fractioo -;— is called the reduction fiictor of the 
galvaoometer. It is usually denoted by K. 

The expression - — is spoken of aa . the galranometer 
eonatant. 

Id many galvanometers it is not easy tu measure either 
n or r. Hence the reduction factor must be determined 
by experiment. To do this connect up in series with an 
accurately graduated ammeter and find the current Note 
the current and the deflexion. Substituting in the equation 
C = K tan S, we find the value of K. (Mce K has been 
found, we can measure any current without diflBculty by a 
tangent galvanometer. As a rule however we do not use 
galvanometers to measure currents but only to compare one 
current with another. (See also Arts. 30, 31.) 

91. Revener. In using a galvanometer for accurate 
work it is often connected up through a reverser. This helps 
to eliminate any error due to the galvanometer not being 
set up exactly in the meridian. 




Fig. 59. 

The reverser shewn in the figure consists of two parts. 
The one is a block of ebonite in which are drilled four cups, 
half filled with mercury and connected to the four terminals 
at the sides. The other part is a frame of two parallel copper 
bars, t)ie ends turned down to dip into the cups. The hars 
are joined by a piece of ebonite. A pair of cui>e diagonally 
opposite are joined to the galvanometer. To reverse the 
current lift the frame and turn through a right angle before 
replacing. 
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92. Sine QslTanometer. The plane of the coil of & tangent 
gaJT&nometer must always be in the 
tueridian : the current is pri)portii>nal to 
the tangent of the angle between the 
needle and this plane. In the Sim gal- 
vanometer the coil is turned abont a 
vertical diameter until its plane coDtains 
the axis of the deflected needle. The 
sine of the angle which it makee with the 
meridian ig proportional to the current 

Thie is auffidentlj explained bj fig. 60. 




Here F as before is equal to and 

is at right anglee to the plane of the coil y^'n^ 

but not to the meridian. The axis of the /°p' y 

needle is in the direction of the resultant ,' / 

of F and H: therefore F=H8ind, ,' 

, _ lOHr . . , Fig- 60- 

Le. 0=-;; sin o. 

The inetrnment is seldom used and is of litUe iniportance. 

93. Kelvin's Reflecting OalTanometer. In this the 
external field is due partly to a magnet N8 supported over 
the needle tis (figs. 61, 62). The needle itself is a magnetised 
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piece of watch-spring stuck to the back of a light mirror M. 
The combination is suspended at the centre of the coil, CO, by 
a fibre, ff, free from torsiotL In place of a pointer fixed to 
the needle, a beam of light thrown from a lamp and refiected 
by the mirror is focussed b; a lens on a scale. 




Fig. 63. 



As usually arranged the lamp is used to illuminate a 
narrow vertical slit, S. The light diverging from this is made 
to converge by the lens F, then reflected by the mirror M 
and finally focussed on a graduated horizontal scale fixed 
above the slit When no current passes, the image of the 
slit should iall on the zero of the scale 

If the mirror is deflected through an angle 0, the reflected 
beam is deflected through an angle 
20 (for the normal to the mirror 
turns through 8 and the angle be- 
tween the incident and reflected 
rays is 2B). If then d is the distance 
from scale to mirror, 8 the distance of the image from the 
zero, sjd = tan 20. 

If the angle is small, tan 2^ is practically equal to 20 or 

to 2 tan 0. Hence ^ = 2 tan 0=2^, where O is the current 

and K the reduction fector. This result shews that for email 
angles the current is proportional to the scale deflexion. 

In some cases the reduction &ctor K may be calculated as 
in Art 90, if we know the strength of the field ; it would, 
however, generally be much simpler to find it experimentally, 
by passing a Small known current through the instrument and 
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noticing the deflexion. The constants are generally slated b; 
the makers. For compariaon of currents a knowledge of its 
value is not necessary. If the mirror M is concave, the lens 
F is not necessary. 

A word must be added about the control magnet. Tliis is 
ac^ustable in two ways, (a) it can be twisted about the vertical, 
(6) it can be raised or lowered. The first a^Jjustment enables 
the image of the slit to be brought to the zero of the scale. 
The second alters the sensitivenesB. If the magnet is low the 
field is strong ; if it is raised the field is weakened. UsutJily 
the galvanometer is placed in such a position that the mirror 
is due east of the lamp, so that if the control magnet is 
sufficiently raised the field (due to earth and control) in which 
this mirror magnet lies may be brought to almost any desired 
strength. If the field of the magnet exactly neutralised the 
field of the earth, then the position of the mirror would be 
governed only by tlie torsion of the support and a very small 
current would produce a large deflexion. 

04. In "Moving Coll" galva- 
nometers the external field is due 
to a strong permanent ma^et N8 
between the poles of which hangs the 
galvanometer coil cc, suspended by a 
light torsion wire m through which 
the current enters. The position of 
the coil is accurately indicated by 
light reflected froia a mirror M, A 
cylinder of iron a is fixed between 

■ the poles. This is only just cleared 
by the coil. It serves to concentrate 
the field {v. fig. 133> When no 
current is passing the coil should 
hang evenly between the magnet 
poles with the normal to its plane 
at right an^es to the lines of mag- 
netic force. The deflexion produced is nearly proportional to 
the magnitude of the current 

05. Ammeten. An anuneter difiers from a galvano- 
meter in that it measures a current directly in amperes. 
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90 Galvanometers 

There are many different kinds in use. One of the best 
conaistfl of the following parts: 

(1) A stroim; permanent magnet, to which iron pole 
pieces (P) are fixed, producing a field independent of the earth. 

(2) A moving coil cc through which the current passes. 

(3) A pair of springs like the hair spring of a watch, 
which regulate the motion of the coil, and lead the current to 
and from it 




Fig, 66. 



In the figure, ec is the moving coiL For convenience of 
description part of the magnet is supposed to be broken off. 
The fiT)nt spring is shewn tsistened at the centre to the bar 6 ; 
the other, coiled the opposite way, is at the back. 

The coil of wire is so shaped that it can move in the 
cylindrical space which separates the pole pieces of the 
magnet It is mounted with its axis along the centi-e of this 
e[>ace. When no current passes, the springs bring the plane 
of the coil at 46° to the lines of force between the poles. 
When a current is flowii^, the forces which it calls into 
existence tend to twist the coil round in the direction bceP 
until its plane is at right angles to the lines of force ; the 
magnitude of these forces is dependent on the current The 
angle through which the coil turns will therefore be dex»endent 
on the relative values of the strength of the springs and of the 
current This angle is measured by a long light pointer / 
fixed to the coil which moves over a scale marked in amperes. 
The current is brought from the terminals T, T of the in- 
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strumeut to the coil by means of the governing springs. As 
in the case of the moving coil galvanometer a soft iron 
cylinder e is placed at the centre of tiie coil. The pivots 
of the coil have their bearings in this. 

Now it is evident that a coil like this will not stand large 
currents : a current of an ampere would bum it out ; bo that 
if it is required to measure such currents it must be shunted. 
The shunt is shewn at 8 in the figure. There is very little 
difference tiien between an instrument intended to measure 
an ampere and one intended to measure 200 amperes. The 
same mechanism will suffice for the two, but the one intended 
for large currents must be shunted with a lower resistance. 

96. Voltmeten. The ordinary voltmeter is similar in 
construction but differs in that the coil instead of being 
shunted is placed in series with a high resistance. The 
instrument, therefore, tells the voltage between two places 
by measuring the current which passes between them when 
joined up through a definite high resistance. It is useless 
for measurements in static electricity for, obviously, it only 
measures curreM. 

97. Aitatlc aalTaaometer. If two magnetised needles 
exactly similar were fixed parallel to one another with unlike 
poles tt^etiier, then it is evident that the action of the earth's 
field on one needle would be neutralised by the action of the 
other: the combination would not tend to point in any 
definite direction. Such an arrangement is called Astatic. 



Now suppose an astatic combination is suspended as in 
the ^ure and that a current flows along the wire AB. The 
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effect of thia current will be to tend to make both needles 
tuni in tiie same sense at right anglea to the wire : the only 
force to hinder this is that exerted by the torsion of the 
support 

The effect of the current may be increased if a coO of wire 
ie wrapped round one of the needles: if a coil Burrounds 
each, the windings must be in opposite directions (fig. 67). 




Fig. 67. 

A combination of magnets flsed with opposite poles 
ti^ther would be perfectly astatic if (1) the axes were 
parallel, (2) the magnetic moments were equal These 
conditions cannot be realised in practice, so that the position 
of the magnets is in reality controlled to some extent by 
the earth's field. Astatic g^vanometers are used more for 
detecting small currents than for measuring them. 

9S. A BallicUc (^alTanometer is used to measure a 
quantity of electricity: not the strength of a current Its 
construction however is similar to an ordinary galvanometer 
in that it consists of a magnetic combination and a coiL We 
shall suppose the coil fixed and the magnet free to move. 
If a battery is suddenly connected up through a ballistic 
galvanometer to the plates of a condenser, a large current 
will flow for a short time. The total charge which passes is 
measured by the product of this time and the average current 
In passing through the coil, the current exerts a force on the 
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magnet and so giveB it an impulse or blow; the effect of 
which may be compared with the effect of a horizontal blow 
on a pendulum bob. The deflexion (0) produced and the 
total charge (Q) are connected by the re^tion 

where k ie the reduction factor of the galvanometer and T iB 
the time of free oscillation. 

Usually a reflecting system is adopted and the deflexion 
is smaU : in this case the charge ia nearly proportional to the 
throw. 



1. Two cells are couneoted up in turn with a high resistance galvano- 
meter and give deflexions of 23° and 13°. If the cm.f. of the first is 
1-2 volt«, what ia that of the second ! 

2. A coil of six turns, each of which is 0-2 metre in diameter, deflects 
a compass needle at its centre tiirongh 40°. Find the strength of the 
cnrrent (ff=-0-18.) 

3. A gaWanomet«r (resistance 2 ohms) is placed in circuit with a cell 
of E.H.I'. I volt and resistance ^ ohm. If the coil has 20 turns of diameter 
10 cms., what deflexion will be produced ? (If =0-18.) 

i. A batter; when joined to a tangent galvanometer of 10 ohms 
resbtance gives a deflexion of 60°. If a resistance of 20 <^mB is inserted 
in the circuit the deflexion falls to 45°. What is the resistance of the 
battery? 

5. The coil of a tangent galvanometer is placed at right ang^ to the 
meridian. Would it be possible to determine the direction or magnitude 
of a current which can be made to flow through it ? 

6. Bxplain the advantages and disadvantages of a suspended coil 
galvanometer as compared with an instrument with a suspended magnetic 
needle, 

7. A tangent galvanometer has two concentric windings, one of radius 
e cm. and 18 turns, and the other of radius 15 cm. and 30 turns. What 
deflexion wiU be produced by a current of IM ampere which flows round 
both in the same direction ! (H-0-20.) 
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8. A battery of 6 cells in seriea, an ammeter and a ke; are arruigecl 
in circuit The poles of the battery are also connected to the terminals 
of a high redatance Toltmeter. The voltmeter K^sters 124 volts before, 
and 10'6 volta <\ft4r, the ammet«r indicating 15 amperes. What is the 
resistance of each cell of the battery ? 

9. In a tangent galvanometer ia there any need for the coil to be 
circular? 

10. If the needle of a tang<ent galvanometer is nut exactly in the 
middle of the card, will the readings be correct 1 

IL Haa the sine galvanometer any advantage over ttte tangent 
galvanometer f 

12. In a mii'ror galvanometer the lamp and scale are one metre away 
from the mirror. If a current of -OOW ampere moves the spot of light 
3-2 cm. on the scale, what is the reduction factor of the galvanometer ? 

13. In the moving coil galvanometer is the position relative to the 
meridian of any importance ? 

11. How is the magnetic combination in a so^alled astatic galvano- 
meter eontrolled ? On what does its sensitiveness depend ? Can it be used 
for measming curreuts 1 

15. In some forms of ammeters the moving system is controlled not by 
a spring but by gravity. Discuss the merits of the gravity control 

16. A tangent galvanometer is conueeted in series with a copper 
voltameter and a souroe of current and gives an average deflexion of 4S° 
during the 20 minutes that the current is passing. It is found that 0'4 grm. 
of copper are deposited on the kathode. Calculate the reduction fitctor of 
the galvanometer. 

17. Hhew that in a tangent galvanometer the deflexion is independent 
of the moment of the magnet, and expliun why it is well to have a magnet 
which is both strong and short 

18. On what conditions does the sensitiveness of a galvanometer 
depend? 

19. Shew that in a Kelvin reflecting galvanometer the current is nearly 
proportional to the distance of the spot of light fnra the Eero. 

20. A galvanometer, the resistance of which is i ohm, being joined up 
in circuit with a cell by thick copper wires, the resulting current is noted ; 
and it is found that the current in the galvanometer is halved i^ without 
any other change being made, the terminals of the galvanometer are joined 
by a wire of resistance O'l cAaa. What is the resiataace of the ceU t 

21. Shew that if a slight error is made in reading the angle of de- 
flexion of a tangent gaJvanometer, the percentage error in the reduced 
value of the current is a minimum if the angle of deflexion is tr/4. 
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22. A galvanometer, reustance B, ia joined up to a cell by wires uf 
iiE%%ible resistance. If the galTanometer is shunted b; a wire of resist- 
ance X, shew that half of the original current flows through the galranometer 
if the internal resistance is Rxjifi—x). 

23. In a tangent galvanometer the pointer is bent so tliat it registers 
in ever; case a deflexion too great b; an angle a It Is used to compare 
tlie R-H-P. of two cells. Prove that the ratio of the true b.h.f. to-tbe value 
found from this galvanometer is approximately 

tan 3/(2 tan a + tan j3), 
where U is the sum of the deflexions given on a correct galvanometer, and 



24. A galvanometer of 200 ohms resistance ia in series with a resistance 
of 300 ohms aud a battery which has an b.m.f. of 3'4 volts and an internal 
resistance of 12 ohms. Find the current passing through the galranometer. 
Also find the value of the current (i) when a shunt of 20 ohms is placed 
across the galvanometer, and (ii) when the same shunt is placed across the 
battery. 
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TEMPERATURE EFFECTS 



09. Temperature and Resistance. To find the effect 
of temperature on the resistance of a wjra 

Take a couple of yards of fine copper wire, say number 28, 
coil it up and join its ends to thick leads by means of binding 
screws and immerBe it in a water bath. The leads are to be 
joined to the resistance gap in a B.A. bridge or p.a box. 
Raise up the temperature of the water to 100° C. and find as 
in Art 74 or 75- the resistance of the wire. Allow the bath 
to cool, but keep it well stirred. Take the readings of the 
resistance at different temperatures between 0' C, and 100° C. 
Tabulate the results and plot a curve between resistance and 
temperature. 

In all metals the resistance increases with rise in tempera- 
ture. With pure copper, platinum, silver, gold and some 
others an approximate law connecting Rt the resistance at 
f C. and B, the resistance at 0° C. is 

R( = (H-oOR., 
where a is different for the different metals but approximately 
equal to -0038. 

A comparison of this with the gas pressure law of Gay- 
Luseac, P, = ( 1 + -003660 "^o, seems to indicate the existence of 
an absolute zero, near to - 273" C, at which these pure metals 
are perfect conductors. 

In carbon and electrolytic solutions the resistance de- 
creases with the temperature. 

lOO. Seebeck Effect. If two wires of different materials, 
say copper and iron, are joined up to form a single circuit, 
and if one of the junctions is heated, a current of electricity 
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will circulate. An easy way to shew this is to joio one end 
of each wire to the terminals of a sensitive galvanometer, 
twist the free enda together and warm them. The warmth of 
the fingers is often sufficient to produce a sensible deflexion. 



Fig. 68. 

Another simple method of shewing the existence of thermo- 
electric currents is to heat one junction of a bismuth-antimony 
couple (fig. 68). If the frame is held in tiie meridian the 
compass needle mounted in the centre will be deflected 

lOl. E.H.F. and Temperature. To find how the 
KM.F. of a copper-iron junction varies with the temperature. 
(See also qu. 29, p. 242.) If 
the range of temperature is 
from 0°C. to 100° C. the ar- 
rangement in the diagram 
(fig. 69) is convenient 

An accumulator E or other 
cell of constant E.M. p. is joined 
up to a resistance coil R and 
a potentiometer wire AB. 




Fig. 69. 



The junctions of the couple are placed in beakers O, D, 
one containing water kept at 0° C. by lumps of ice, tiie other 
containing water at any temperatm^ required. The couple 
is made of bare iron wire soldered or joined by binding screws 
to the copper wires. 

Begin with boiling water in the hot bath. Find as in the 
experiment, Art. 01, the point X at which contact must be 
made wit^ the potentiometer wire for no current to pass 
through the galvanometer G. Measure the distance AX. 

Allow tiie hot bath to cool and take readings for about 
every ten d^rees fell. Plot a curve between the difference 
in the temperature of the baths and the lengths along the 
potentiometer wire. This shews the relation between the 
E.M.F. and the temperature. 

w. 7 
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The reBistance coil R most be properly chowD : if it happens that the 
firat point X comes quite close to ^, A i« too amalL If it is impoaaible to 
find X at all, either A is too big or the cell is coupl^ up the wrong way. 
No definite directioiiB us to choice <)f R can be given. It depends on the 
length and the reaistMioe of the potentiometer wire. T17 first with 
A=2000 uhms and change if necessary. 

To find the actnat viilne of the k. u. r. dne te the thermo-conple we most 
know the resistance of R and of the potentiometer wire per centimetre as 
well as the K. M. f. of the celL 

Suppose R is 2000 ohms, tlie b.u.p. of Uie cell l-OS volts, the length of 
the wire 6 metres and its reeistance per metre 1-23 ohms, and that AX ia 
28S cm. long. Now the &II in potential between the poles of the cell on 
being connected up with a resistance of over 1000 ohms is very small and 
nay be neglected. Hence the cnrrent along the potentiometer wire is 

^rrrrj—i— pv- ampores, Le. 000538 amp. The fall in potential per centi- 
metre along the wire is therefore tKMSSS x -0123 volt 

The E.M.F. of the thermo-conple is then 000538 x -(1123x235 volts, 
Lft "00183 volt 

The E.M.P. obtainable from a copper- 
iron couple ie very small, rather less than 
20 microvolts per degree centigrade. A 
bismuth-antimony couple haa five or six 
times this value. It is used in thermo- 
piles for detecting radiant heat In this 
instrument many couples are joined zigzag 
in series and the alternate junctions ex- -pig. 70. 

posed to the source of heat 

103. Neutral Temperature. The graph obtained by 
the experiment in Art 101 seems to indicate that the kblf. 
of the thermo-couple is nearly proportional to the difference 
in temperature : this is true under the conditions. If, however, 
the temperature of the hot junction is gradually raised, the 
current, instead of flowing round in the direction of the 
diagram, fig. 71, and increasing, begins to diminiah after a 
certain temperature 270° C. is reached, vanishes at 540° C. 
(2 X 270°) and then reverses. The temperature 270° C. at 
which the current begins to diminish is independent of the 
temperature of the other junction: it is also the mean of any 
two diflerent temperatures at which the junctions may be 
maintained to give no current and is therefore called tiie 
neutral temperature. 
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103. Peltier Effect. The existence of thermo-electric 
cuirenta was discovered iu 1821 by Seebeck and the pheno- 
menon is called after him— the Seebeck efifect The converse 
of this is known as the Peltier effect If a current flows 
across a junction of two different metals, then heat is either 
absorbed or liberated at the junction, i.e. the junction is 
either cooled or warmed. If, for instance, a battery drives a 
current round a copper-iron circuit in the direction shewn in 
fig. 72, then the junction at which the current flows from 
the iron to the copper is warmed and the other is cooled. 




Copper 

Fig. 71. Seebeck effect. Fig. 73. Peltier eSeat. 

We know that a current passing through any conductor 
warms it : this effect, described in Art 54, and known as the 
Joule effect, is generally sufficient to mask the Peltier effect 
so that it is not very easy to illustrate the latter: it may be 
done, however, by using a bismuth-antimony couple and 
placing the junctions in the bulbs of a differential air ther- 
mometer. 

104. Meaiorement of temperature. The mercury- 
io^lass thermometer has a very limited range, for mercury 
boils at 360° C and freezes at — 40° C. To measure tempera- 
tures outside this range some other form of instrument is 
necessary. A gas thermometer is useful at low temperatures, 
but not very convenient; at high temperatures there is 
difficulty in getting a container which neither melts nor 
becomes porous. We have therefore to use electrical ther- 
mometers. The two most common typee are (a) the resistance 
thermometer, (6) the thermo-electric junction. 

105. Reilitance thermometen. Figure 73 shews a 
thermometer which consists of a coil of fine platiimm wire 
wound on a frame of mica. This resistance is the essential 
part of the instrument It is joined up by thick leads to the 

7—2 
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binding screwB shewn and protected by a case or tube. If 
really high temperatures are to be measured, the leads must 
be of platinum and the tube of porcelain : otherwise co[^r 
and steel will suffice. 

When the instrument is id use the end is placed in the 
furnace or other place of which the temperature is required 
and t^e terminals joined up l^ wires to the " unknown " 
gap OD a B.A. bridge. 

The resistance is then determined and the temperature 
calculated. 

Prof Callendar and othera have niade accurate investi- 
gataons on the resistance of platinum at the temperatures 
measured by the sdr thermometer. For our purpose it is 
sufficient to say that betweeu 0° C. and 1000° C. 

bt he 

■ 100 10,000 

where r = inci'ease in resistance (measured in ohms) above 
resistance at 0° C, 
t — temperature centigrade, 
a = increase in resistance per degree between 0° C. and 

100" c, 
J = a number dependent on the condition of the plati- 
num used and equal to about l'&. 
In practical use it is often quite unnecessary to know 
the actual temperature on the air scfde: it is sufficient to 
know it on the platinum scale: in other words the tem- 
perature is considered to be proportional to the excess iu 
resistance. 

In figure 73 are ^ewn two pairs of leads tmd terminals. These are 
neceesary, for if the thermutneter is placed in a furnace not au\j is the 
reeistance wire heat«d but also the connecting leads : the resistance of the 
tatter rieee, so that the total increase depends on what length of the stem 
is heated. To compensate for the nncertaint; thus introdnced a pair of 
dummy leads — shewn by a single hue down the centre — is inserted. Being 
exactly Himilar to the real leads they eufier the same iacrease in resistance : 
this can be ascertained or eliminated. 

lOd. Thermo-electric thcrmometen. One of these 

is illustrated in figure 74. It needs little description. The 
wires shewn in the interior of the tube are of different metals 
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or alloys : perhaps of iron and nickel ; or of platinum and 
platinum-iridium. They are joined to the terminals at the 
top and welded together at the bottom. The platinum form 
may be used up to 1500° C. and gives consistent readings. 
The temperature may be assumed to be roughly proportional 
to the E.M.F. developed. The latter is read by a high re- 
sistance millivoltmeter. 




*:o> 
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EXAMPLES 

1. The temperature coefficient of platJmim is -0032. The regifiUnce 
of a length of wire of this snbet&nce is 4 ohms at 0°C. With what 
resistance must this be shunted at 60° C. to iwince the resistance at that 
temperature to 4 ohms ) 

2. A length of manganin wire faaa a reeistauce of 1S7'5 ohms at 0° C. ; 
the temperature of Bie wire is 17° C. What is the error in the resistance 
if the temperature coefficient of the wire ('00002S) is not taken into 
account) 

3. A thermopile is joined up in series with a Daniell cell, and the 
current allowed to flow for a short time. The thermopile is then removed 
from the circuit and connected to the terminok of a galvanometer, the 
needle of which is thereupon considerably deflected, but gradually returns 
to its undisturbed position. Expliun this. 

4. Asanming the thermo-electric powers of iron and nickel with reepect 
to lead to be -\-\2 and -20 microvolts respectively, find the E. M. P. of a 
nickel-iron couple with junctions at 0° and 100° C. 

5. A ring is made, partlyof iron and partly of copper wire, the junctions 
being A and B. If ^ be kept at 0° and B at 100°, a thermo-electric 
current is produced in the circuit. Similarly a current is produced if ^ be 
at 100° and B at 200°. Have the currents in each case the same strength ? 
Give reasons for your answer. 

6. Under what ctrcnmstances can an electric current cool the conductor 
through which it passes) What will be the result if the direction of the 
cnrrent be reversed 1 

7. The resistance of a copper wire is determined by a Wheatetone's 
Bridge box when the temperature of the air is 20° C. and is found to have 
the value 20*25 ohms. Calculate its true value at 0° C, the coik of the box 
being of Gennan silver and correct at 15° C Assume temperature coefficients 
of copper and Oennan silver to be -004 and -002. 

8. In a B. A. bridge the ratio arms are equal The other two re- 
sistAnces JT, X are connected up by exactly similar leads. By change of 
temperature the resistances of X and the leads to K and X are incr^sed. 
The increase in the resistance of Jf is calculated by measurements on the 
bridga Will this calculation need to take into account the alteration in 

e of the leads 7 
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CHAPTER XI 

MAGNETIC ACTION OP A CURRENT 

I07. "We have seen in Chapter I that a magnet exert* 
forces on conductors carrying currenta and that the currents 
exert a reaction on the magnet We are now going to in- 
vestigate these actions a little more closely. 

Suppose we take a ring of wire in which a current is 
passing. In the figure the ring is supposed to be nearly at 
right angles to the plane of the paper and the current flows 
down the near and up the fiir side, eo that, seen from tie 
magnet NS, it goes round the circuit in the same way as the 
hands of a watch. The magnet is held at right angles to the 
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Fig. 75. Fig. 76. 

plane of the coil and ao almrat in the plane of the paper. 
Our cork-screw rule tells ub that a free north pole anywhere 
on the axis of the coil would be pulled through the coil from 
the left-hand side to the right. Hence there will be attraction 
between the coil and magnet This attraction can be very 
much increased if several turns of wire are used. The wire 
may be wound on a ring (cfl the galvanometer) or it may be 
wound in a helix on a tube in which case we get a aol^ioid 
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108. Magnetic action of a Solenoid. The linee of 
force due to the current floving in a galvanometer ring may 
be traced b; the method indicated in Art 11. They are 
found to be exactly similar to those of a bar magnet The 
only difference is Uiat in a solenoid the linee can be traced 
right throu^ the interior ; in a solid magnet this is obviously 
imposdble. In these particulars a coO or helix of wire carrj'- 
ing a current seems to act exactly like a magnet. Let us 
see if we can produce some other magnetic effects. 

A magnet attracts iron filings. Wrap a helix of wire on 
a paste-board tube, place some iron filings near 
one end of the tube and pass a strong current 
through the wii-e. The filings will be sucked up. 

Magnets placed end to end repel one another 
if like poles are together ; attract if unlike are 
together. Hang up side by side two coils of 
wire and arrange them to swing freely. The 
free ends of the wire should be left long for this 
purpose. Join them in series and pass a current 
in the same direction round each. They will 
attract one another. If the current in one is 
reversed, they will repel 

If we use one coil only it will be attracted 
or rq>elled (according to the direction of the 
current) by the pole of a magnet ^'^- '"'■ 

109. Parallel Currents. To shew the action between 
parallel currents, it is not necessary to wrap the wire into 
coils. If two flexible wires — tinsel answers very well — are 
hung up side by side about a i inch apart and a current 
is passed down (or up) both of them they will move nearer 
together : but if the current passra up one and down the 
other they will separate. Hence with parallel currents in the 
same direction we get attraction ; and with parallel currents 
in opposite directions we get repulsion. 

1 lO. Floating Cell. A magnet capable of rotating 
about a vertical axis points to the North in the flarth's 
field. De La Rive's floating cell shews the corresponding 
effect with a current in a coil of wire. A beaker containing 
dilute sulphuric acid floats in a pan of water. In the beaker 
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are immersed a plate of zinc and a plate of copper. These 
are joined together (aee fig. 78) by a helix of copper wire. 
The current makes tiie helix tum round in the Earth's field 
till the axis points North and South. 







111. Electromagnet. A piece of soft iron or steel 
becomes magnetised by induction in the presence of a magnet. 
In the case of a helix we can place the iron right inside. In 
this way we get an electromagnet Take a short rod of soft, 
iron and wrap it with several turns of insulated wire. Teat 
its magnetism by means of filings or a compass. The first 
electromagnet appears to have been made by Sturgeon iu 1825. 
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A horse-shoe magnet must be wound so that one end is 
a North pole and the other a South. Remember that if a 
current passes round a bar of iron in such a way as to appear 
clockwise to the obserrer, the end of the iron that points to 
him is South. See fig. 79. 

113. The Electric bell. (Fig. 80.) AB is a soa iron 
plate: MM an electromagnet The spring S keeps the 
platinums P, p in contact when MM is not excited. The 
current enters at the terminal T', passes round the magnet, 
through S, P, p and back by the terminal T to the battery. 
While the current passes the magnet attracts AB and pulls 
it up so that the hammer strikes the bell : the platinums P, p 
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separate, the current ia broken, the iron loses its ma^etism 
and AB is brought back to its old position by the spring 8. 
The current now starts again and the cycle is repeated. 
Every time the current is broken at Pp, there is a spark : 
hence the nse of the platinum tjps, for steel or braes would 
very quickly bum away. 





Fig. 80. 



113. A simple electromotor may be made of the 
following parts. 

The Jidd magnet. A soft iron shell with the pole pieces 
.y and 8 is cast The pole pieces are wound with insulated 
wire, fig. 81. 

The armature, fig. 82, is a round cylinder of soft iron in 
which are cut two deep grooves. It is wound with as many 
turns of wire as will fill the groove. 
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The Commutator. The ends of the wire are joined each 
to one haJf of a brass cylinder ec These half cylinders are 
mounted on an inBulating cylinder of ebonite through which 
the axle AA of the armature paaees (fig. 82). 

The Brushes, hb^g.QZ. Two 
brushes of copper gauze are ar- 
ranged to bear lightlyon opposite 
sides of the commutator. The 

current enters by one and leaves 

by the other. If the brushes and pjg. os. 

commutator are arranged as 
shewn in the figure it is evident that the direction of the 
current in the armature is reversed at each half revolution : 
the magnetism in the armature is reversed with the current 
Iq the position shewn the lower half of the armature is a 
South pole : the upper a North. The armature will therefore 
be pulled round in the direction of the arrow till the line ns 
m horizoDtaL 

The armature current now reverses, so tiiat the left-hand 
side becomes North: it is pushed away from the North pole 
of the field magnet and attracted by the South so that the 
rotation is continued. 

In these figures the motor is shunt wound, i.e. the mnd- 
iogs of the armature and field magnet are in parallel. The 
current from the leads divides into two parts : one enters the 
field magnet, the other passes throi^ the brushes and the 
conmiutator round the armature. The armature winding is a 
shunt to that of the field magnet 

This " H" or shuttle armature is simple and easily under- 
stood. It has however very bad faults. The sudden reversal 
of the armature current gives rise to sparking: the torque 
produced is very uneven : the machine will not start by itself 
in all positions. 
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INDUCED CURRENTS 



114. Ourrents induced by Mae:neta. We have seen 
several exampleB of magnetic effects produced by cuixents. 
Faraday in Ei^land and Henry in America worked at the 
converse problem of producing currents by means of magnets. 



Fig. 84. 

Take a coil of several turns of wire and join the ends of it 
by long leads to a delicate galvanometer. Bring the North 
pole of a magnet quickly up to the face of the coil. What 
effect has this on the galvanometer ? When the needle has 
come to rest withdraw the magnet quickly and again notice 
the galvanometer. Repeat the experiment by bringing up the 
South pole. Note carefully the direction of the deflection in 
each case. In these experiment the galvanometer must be 
some little distance from the coil: otherwise the action of 
the magnet on the galvanometer needle will be sufficient to 
produce deflection. 

115. Guirenti induced by currenbi. Two coUs of 
wire are to be placed face to fece. A, the primary as we 
shall call it, is to have in series with it a cell and key K by 
which drcuit may be made or broken. B, the secondary, is to 
be connected by long leads to a galvanometer, G. (I) Start 
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a current in A by depressing the key: notice Uie galvano- 
meter ae you do so. (2) Break the current by releasing 
the key. 

Place a bar of soft iron 
through the two rings, and re- 
peat the experiment by mak- 



^ I 

■ed? I IK A 



ing and breaking the circuit y^'i :^~^~~\} \/ / gN 

Whatdifferences are observed? ''*' * b ~^^ 

Find out the direction of p^ ag 

the current in the primary A : 

find out also that in the secondary B when A is (L) made, 
(2) broken. 

Vary the experiment by keeping a steady current in A 
and suddenly seiHuuting the coils or bringing them nearer 
together. Since a current in a ring behaves exactly as a 
magnet, this variation of the experiment is only a repetition 
of that in Art 114. 

lie. Faraday's ring. The apparatus with which Faraday 
in 1831 discovered the existence of induced currents was a ring 
of soft iron, about six inches in diameter. One side of tliis 
was wrapped with a coil of insulated wire the ends of which 
could be connected to a battery. The other side was wrapped 
with a second wire kept quite separate from the first The 
ends of this were joined to & galvanometer. On connecting 
up the battery through the primary, Faraday found that a 
transient current was produced through the secondary: on 
l»reaking the primary there was another transient current 
in the opposite direction. 

117. Lens's Law. Suppose AA is a ring of "wire in 
the plane of the paper. If the North pole of a 
magnet com^ up to this from beneath along 
the axis of the ring, a current is induced. 
The preceding experiments shew that this 
current is in the direction indicated by the 
arrow. The ring with its current is equi- ^'*- ^^^ 

valent to a magnet with ite North pole downwards, its South 
upwards. It will therefore exert a repuMon on the approach- 
ii^ magnet and tend to check its motion. If however the 
magnet is withdrawn, the induced current is reversed, so that 
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there will be a pull on the retreating magnet ; again tending 
to check the motion. 

These cases illustrate a general law enunciated by Lenz. 
" The direction of an induced current is tdways such as to 
tend to stop the eause producing it." 




Again consider two wires A, B side by side. If A carries 
a current and is brought up nearer to B, there is, as we have 
seen above, a current in B in the opposite direction : so that 
(Art 109) we have a repulsion between the conductors A an4 
B tending to stop the approacL If on the other hand A is 
removed, the current in B is reversed (i.e. is now in the same 
direction as that of A), bq that we get an attraction tending 
to check the separation. 

The starting of a current in A has the same effect on B 
as the sudden approach ot A to B; hence the starting of a 
current induces a reverse current in B ; the cessation of the 
current in A induces a direct current in B. 

118. The Induction Coll. The main parts of an 
induction (Rumkorff) coil are 

(1) the core AB: a rod of soft iron or bundle of soft iron 
wires; 

(2) the primary winding: this is a helix of thick wire 
wrapped round the iron core. The length of this is short and 
there are only a few layers ; 

(3) the secondary winding: this consists of a very large 
number of turns of fine wire : it may be half a mile or more 
in length. The ends w, w of this are joined directly to the 
terminals at the top of the coil. The wii-e must be carefully 
insulated. It is usually wound in several sections and mounted 
on an ebonite spool ; 
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(4) a contact breaker. In the figure we shew a hammer 
break. A soft iron head H is attached to the spring 8. The 
action is exactly similar to that of an electric belL P,p dxe 
platinum studs. The hammer bret^ is generally replaced in 
large coils by a motor or electrolytic break ; 

(5) a condenser OC, the opposite sides of wliich are joined 
to the screw W and hanmier in the break. It consists of a 
lai^ge number of sheets of tinfoil, insulated by waxed paper. 






The action is as follows : When the current is switched on, 
it magnetises the core AB. This creates an induced current 
(or at any rate an induced E.M.F.) in the secondary. When 
the core is fiiHy magnetised, the primary current is suddenly 
broken, for the head H is pulled over to the core and contact 
is broken at Pp. The sudden stoppage of the cun-ent in 
the primary gives rise to another induced current in the 
secondary : this will be in the direction opposite to that of 
the first induced current Hence as the current in the 
primary is made and broken it induces a backward and 
forward B.H.F. in the secondary. The magnitude of the 
induced E.M.F. is dependent on the number of turns of wire 
in the secondary: the greater the number of turns the higher 
the B.H.F. 

It is very important to remember that the currents induced 
in the secondary last only as long as the changes producing 
them last When a steady state is reached in the primary, 
the current in the secondary ceases. 
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119. The action of the condenBer. In an electric 
bell there is a little sparking at the platinums: this is caused 
by the sudden breaking of the current The current in an 
induction coil is very much larger than that required for a 
bell so that, unless some steps were taken to prevent it, the 
sparking at the terminals would be excessive and quickly 
wear the platinum away. When however the condenser is 
inserted it is no longer necessary for ihe current to " arc " 
across the gap : it may go to chai^ up the condenser instead. 

The condenser has another effect : it enables the current 
in the primary to vanish quickly: it also causes the rise of 
the current when contact is renewed to be less rapid. In 
other words it accelerates the "break" and retards the 
"make." Now the km.f. in the secondary at any time varies 
with the rate at which the primary current is changing : it is 
therefore much greater at the break than at the maka If 
the E.31.V. produced at the make is insufficient to allow the 
dischai^e to pass a spark between the terminals of the 
secondary, we can only get a current at the ln%ak : this will 
always be in the same direction: it will obviously not be 
continuous but will pass in a series of pulses. 

1 no. The Earth Inductor. This con- 
sists of a ring of lai^ diameter wrapped with 
several turns of wii-e. It is so arranged that it 
can turn about a vertical diameter iit its plane. 
The ends of the winding are connected to the 
terminals of a ballistic galvanometer. 

Let one side of the coO fece due South : 
then give a sudden half turn so that it laces 
North. How is the galvanometer affected? 
What effects do we get when the axis of the 
coil is turned (1) through four right angles, * 

(2) Irom S. to W., (3) from S. to E., (4) from E. to W. ? 

131. Faraday'a Disc. A disc of copper, C, say five or 
six inches in diameter is turned rapidly about an axle A at 
right angles to its plane. A spring, B, which acts as a "brush" 
rests lightly against the edge of the disc The disc is placed 
between the poles N', 8 of an electromagnet Faraday found 
that a current flowed between the axle and the spring. 
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Notice that it is eaay to turn the disc when the electro- 
ma^et is not excited: and hard vhen it is excited (C£. 
Lenz's Law.) 

If a Bixpence is held up by a twisted thread, it will generally 
untwist itself and spin quickly, but if held between the poles 
of a powerful magnet, it will only untwist itself very slowly ; 
its rotation is " damped " and it seems to act almost as if it 
were placed in a viscous liquid. The reason of course is that 
currente are induced in the coin by its motion near the 
magnet: these currents give rise to forces tending to stop 
the rotation which causes them. 




The suspended needle in a galvanometer comes to rest 
more quickly if a lump of copper is near to it than if no 
metals are present. 
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133. Lines of force. In Chapter I we have already 
said a few words about lines of force and described raetiioda 
of tracing them. We are now going to carry the subject a 
little farther. Look first at fig. 129, end of book. In it we can 
see lines running between the N. and S. poles of two magnets. 
We should get a similar figure if the poles were joined by 
elastic strings which repelled one another. It is useful to 
ima^ne that such elastic strings exist and that they form 
the mechauism by which poles attract or repel one another. 
Whenever two poles attract, the lines of force always run 
from one to the other ; when two poles repel, the lines of force 
do not unite them but run up against one another and seem 
to push apart the poles to which we imag^e them attached. 
See fig. 12a 




We have already given in Chapter I the lines of force due 
to a current in a straight conductor : also those due to vertical 
currents in the earth's field Fig. 91 shews a similar case : 
that of a conductor carrying a current between the poles of a 
magnet Notice that if tiie lines of force were elastic strings 
the conductor would be forced down in the direction of the 
arrow. 
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Fig. 92 represents the lines of force in a horizontal plaoe 
due to two vertical currentB in tiie same direction; the 
earth's horizontal field affects these considerably; the lines 
indicate attraction. 

In fig. 93, the currents are parallel but oppositely directed : 
in this case we have repulsion. Compare this figure with the 
lines of force due to a short bar magnet. 




Fig. M. 

Fig. 94 shews the lines of force m half the field due to the 
current in a galvanometer ring placed in the meridian. With 
this compare fig. 127, Art 147. 

133. The number of Unea of force: flux At any 

point in a magnetic field we can draw a line in the direction 
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of the magnetic force there : hence through any area of finite 
size we could draw an infinite number of lines of force. It is 
convenient however to give a special meaning to the expres- 
sion "the number of lines of force." We imagine (1) that 
every pole of unit strength has Att lines attached to it, 
(2) that if an area A sq. cm. is at right angles to an uniform 
field of H gausses the number of lines passing through it is 
AH. These two methods of defining the nnmber agree — ^for 
suppose we had a pole of strength m: let us surround it by a 
sphere of radius r. On the first supposition the number of 
lines which emerge from the pole is Atrm, these all cut the 
spheric^ surbce. On the second supposition the strength of 
field at any point on the sphere is, by the law of the inverse 
square, m/r^, the area of the surfoce is Atri^. Hence the total 
number of lines of force which cross the surface 

the same result as obtained by the other definition. 
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If we select an area which is not at right angles to the 
field, we define the number of lines as the product of the area 
and the component of the field perpendicular to the area. 
Thus suppose we have a ring RR of area A placed at right 
angles to an uniform field of strength H, the nnmber of lines 
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which thread the ring is HA. But if the ring is turned 
through 60° into the poeition B'S', the component of the 
field perpendicular to the coil is H cos 60°, i.e. ^H. So that 
the number of lines threading the ring is only ^AH. This is 
shewn l^ the diagram. The number of lines is also spoken 
of as the fiiix, and the unit in which we measure it is called 
the maaewell. ThuB the flux through a horizontal coil of 
5 turns each of area 60 sq. cm., in a field the vertical com* 
ponent of which is '4 gauas, is 5 x 60 x -4, i.e. 120 maxwells. 

134. Induced E.H.F, Now whenever a ring of wire 
moves in a magnetic field in such a way that the number of 
lines of force passing through it is changed a current is always 
induced in it: this current lasts as long as the number of 
lines is changing: further it can be shewn that the E.H.F. 
which drives the current is proportional to the rate of change 
of the number of lines of force. 

The measure in volts of the p 

B-StF. produced by the motion of 
a ring is the rate of change in the 
number of lines of force multi- 
plied by 10"". As an example 
let us suppose that a framework 
of wire ABGD has a metal bar 
FG resting across it Let this be '*'' ' 

placed with BO vertical and BA pointing to the East Then 
taking the earth's horizontal field to be "18 gauss, the number 
of lines which thread the area BCGF 

= 18 X area BGGF= -18 x 50 x CG. 

If the bar slides along the wire with a velocity v cm. per 
second, then the size of the area is enlarged by vl sq. cm. in 
one second, / being the length in centimetres of BC. 

.-. rate of change in the ntunber of lines of force 
= wx/x-18. 

.*. the induced K M. p. = Z x w x -18 x 10"* volts. 

If the resistance of the circuit BFGC is R ohms, the 
Iv 
current induced will be = x 'IS x 10~' amperes. 

The electromagnetic unit of e. m. f. ma; be defined as the K. m. f. produced 
in a wire one cm. long by moving at one cm./sec, directl; across a magnetic 
field of unit strengtL 
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13S. Direction of Induced current. In which way 
does the current flow ? There are several rules by which we 
can find this out 

(1) In fig. 96 the lines of force due to the earth run 
through the paper from face to back : if the number passing 
through the circuit is increasiug, the lines of force due to tiie 
current must be passing in the other direction so that the 
current must be in the direction GFBO, for the tendency is 
always for the number of lines of force passing through an 
area to remain unaltered. If the slider had been movii^ to 
the West, the number of lines due to the earth through the 
circuit would have been diminishing : to keep this constant 
the current's lines of force would have to be added on in the 
same direction to tend to check the decrease. The current 
then in this case would be in the direction GOBF. 

(2) A simpler way perhaps is this. Look down on the 
framework from above. 




Fig. 97. 

In the diagram, fig. 97, mj represents a section of the 
sliding bar FG ; b the direction in which it is pulled, a, a, a,... 
are the lines of force. Now Lenz's law tells us that the force 
on the conductor must tend to stop the motion, so that if the 
lines of force can be thought of as elastic strings they must 
pull to the West The combination of the earth's field and 
the current field must therefore be like fig. 98 (i) and not like 
fig. 98 (a> 

Fig. 98 (i) is the field due to an approaching current; 
hence the current in the wire lo is in the direction GF. 

(3) Fleming's Dynamo rule. Point the BSiddle Finger of 
the 2^ hand parallel to the lines of BKagnetlc Force, the 
thumb in the direction in which the wire is thrust, then the 
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index (firat) finger can point in the direction of the Induced 
corrent 

136. Incomplete Circuit!. We have seen that a current is 
generated in a closed circuit whenever the noinber of lines of force passing 
throngh it is being altered. The reaaon for this is that the circuit or at any 
rate a portion of it is cutting lines of force. If an; conductor of anj shape 
mores in such a wa; that it cuts lines of force, an &.m.f. is induced in it. 
Thb B. H. p. will not necossaiil; give rise U) a current Take the case of a 
key ring, facing North and filling in a vertical plane cuttiDg the eiuth's 
Unes of force. A little consideratioD shews that both the top half and the 
bottom half have in them an induced B.H.F. in the same direction whieh 
tends to drive currents from the West side to the East These two h&lves 
are in parallel and maj be compared to two cells joined in parallel. If we 
completed a circuit b; joining the parts A, B bj light flexible wires to, w, 
then we should get a current. 



<D 



Fig. 99. 

137. raraday's Ditc. One case of interest is Faraday's 
Disc, fig. 90. Suppose a copper disc is mounted on an axle 
pointing North and South so that the plane of the disc is at 
right angles to the meridian. Suppose we are looking at the 
wheel from the South, it is seen to be rotating clockwise. 
There will then be an electromotive force along all the nulii 
tending to drive a current from the circumference to the centre. 
Hie magnitude of this £. H. F. can be easily calculated. Suppose 
H is the strength of the field normal to the disc, r the radius, 
n tiie number of revolutions per second. Then every second 
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each radius sweeps out an area of tttM, and therefore 
cuts wr^H lines of force. The induced E.M.F. is therefore 
irr^tiH. X 10-" volts. Of course no current flows unless the 
centre is joined to the circumference by a conductor which 
does not rotate with the disa 



1. Explain the fiwt that a wire spiral tends to contract when a current 
ia passed through it How can this tendency be increased? (Roget's 
Spiral) 

2. A gutta-percha covered copper wire is wound round a wooden 
cyUnder. How would you wind it back (1) go as to increase, (2) so as to 
diminish, the magnetic efiecta which it prodnces when a cnrrent is passed 
through it ? Illustrate your answer by a diagram. 

3. A current \» flowing through a rigid copper rod. How would you 
placo a small piece of iron wire nith respect to it so that the iron may be 
m^Tietiseil in the direction of its length ! Assuming the direction of the 
current, state which end of the iron will be a north pole. 

4. What mechanical and electrical effects would there be between two 
parallel circuits (e. fig. 77) in one of which a current is being constantly 
made and broken 1 

5. Bxplun exactly the effects of introducing a m^tal tube between the 
primary and secondary windings of an induction coiL 

6. In a primary circuit flows a current which alternately increases and 
decreases. Near it is a secondary : will there be any attraction or repulsion 
between the two 1 

7. Two discs separated from each other are mounted on the same axis 
on which both are free to turn. If one is copper and the other is magnetised, 
what effect will be produced in the former when the latter is spun rapidly 1 
(Arago'a Disc.) 

8. Why will a penny not spin when placed in a strong magnetic 
field? 

9. The north-seeking pole of a Tery long magnet is brought from a 
great distance up to the centre of a small copper ring. What mechanic^ 
and electrical effects are produced ? Upon what circumstances does the 
magnitnde of each depend, and what is the connection between them ] 

10. An iron hoop is held in the magnetic meridian and is allowed to 
fiill over towards the east. Explain why an electric current traverses the 
hoop, and state whether the current woidd flow north or south in the part 
of the hoop which touches the ground 
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11. It is found that wheu an induction coil is being worked bj a battery 
the current through the primarj is much stronger if the circnit of tbe 
eecondar; ia kept open ttian if it is closed. Account for this. 

12. The time during which a magnet osciilatee is decreased by placing 
it near a mass of metaJ. Explain this. 

13. In what ways can a hoop of wire be moved if no correntB are to be 
induced in it 1 

11. If a watch were composed wholly of non-magnetic material, would 
it be influenced by the presence of a. magnet 1 Give reasons. 

15. A magnet is brooght up and passed through a coil of wire. What 
corrents will be induced ? 

16. Would the oscillations of a galvanometer with an astatic combination 
be damped by the presence of a lump of copper 7 

17. A helix of wire surrounds a vertical iron pillar on the top of which 
a disc of copper is placed. When an alternating current is passed through 
the wire, what will be the effect on the disc 1 

18. The axle of a railway carriage (length /) is movii^ with a velocity V 
in a place where the vertical component of the earth's field is F; find $he 
electromotive force produced. 

If ;=l-5m., r= 1866 cm. per sec. and F=ii, find the B. H. F. in volt«. 

19. Shew how to determine approiimately the directiou of the magnetic 
meridian at a place by experimenting with a coil of wire moveable about a 
vertical axis, and connected with a sensitive galvajiometer 

20. A horizontal copper disc 20 cm. in diameter is set spinning about 
a vertical axis through its centre with a speed of lOO revolutions per second 
in the earth's magnetic field. What is the nature of the distribution of 
potential in the disc ! Find the value of the difference of potential in volte 
between the edge and the centre of the disc, if the vortical intensity is 
0'50 gauss. 

21. What is the flux through a ring of radius 5 cm. placed 25 cm. &om 
the centre of a magnet of moment 300 ? The magnet points to the centre 

of the coil and is at right angles to its plane. 

22. The rails of a tramway are a metre apart, insolated finm the ground 
but joined at the terminus. A tram is travelling towards the terminus at 
20 km. per hour. If the resistance of the circuit of raib and axle ia 
10 ohms, tind (1) the current produced ; (2) the work done per second in 
producing this current ; and (3) the extra force required to <h%w the tram. 
Assume H-0-2, dip-6fl°. 

23. The resistance of the circuit of a Faraday's disc is 0*25 ohm, the 
radius of the disc S cm., the strength of the field 3000 gausses. Find the 
current produced when the disc rendves 1500 times per min. 
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24. Draw th« lines of force for a. galvanometer ring with its plane in 
the meridian. 

25. A rubber tube of section not quite nniform is filled witli mercury. 
Would the passage of a strong current through it produce an; mechanical 
effects? 

2ft If an alternating current were passed through the primary of an 
induction coil, how would the current produced in the secondary differ 
from the current induced by a direct current with hammer break ? 

27. Make a drawing of a break for an induction coil in which the 
current is broken by a motor-driven dipper which oscillates in and out of 
a vessel of mercury, the surfiice of which is covered with alcohol. Shew the 
connections to the primary and condenser of the coiL 

28. Two plain coils of wire wound in the same direction are joined in 
series ; they can rotate freely about vertical diameters. Explain what 
effeeto the rotation of one will produce on the other. 

29. If a strong current is driven by means of a cell through the two 
coils (in Es. 38X what poBitions will the coils take up? 

30: Water in a hollow anchor ring surrounding an electromagnet can 
be made to boil by passing a strong alternating current through the 
winding: Explain this effect Of what material wonld yon make the 
anchor ring? 
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138. Simple Altematliig Dynamo. We have Been 
that if a coil of wire is rotated in a magnetic field we get 
currente induced in it paeaing firBt in one direction, then in 
the other. Consider the arraDgement in fig. 100. ABGD is a 




Fig. 100. 



coil of wire nearly in the plane of the paper : we have only 
drawn a single turn : in practice we should have a great 
many. The ends of the wire are joined to two rings of brass 
or copper BR, mounted on, but insulated from, a steel axle 
XT. The whole is rotated by a belt passing oyer the driving 
pulley W. Resting li^tly on the rings R, R are two copper- 
gauze or carbon brushes Z, Z'. They are joined to the 
circuit in which current is required 

The coil is mounted between the poles N, 8 oi k magnet : 
this is shewn in ^. 101. As the coil reTolves we have alter- 
nating currents induced in it ; for during half a rotation the 
current passes from Z and R round DCBA to B! and Z' and 
durii^ the other half it will go through the same circuit in 
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exactly the opposite direction. A current euch aa this has no 
effect on a compose needle : it ia however just aa usefol for 
lighting lunps and heating as a direct current In practice 
the coil ABGJO is wound on a soft iron cylinder or shuttle 
mounted on the axle. 

A "magneto" similar to this is used on the telephone 
"caU." 




Fig. 101. 

139. Direct Cnrrent X>ynaino. The alternating dy- 
namo may be turned into a direct current instrument if 
we remove the rings and replace them by a commutator, 
fig. 102. The machine would then be exactly like the motor 
in Art 113. Observe that when the field magnet has the 





Fig. 102. 



polarity indicated and t^e armature is rotated in the direction 
of the arrow, there will always be an E.M.F. down the con- 
ductor (a) which happens to be on the left-hand side and up 
that on the right (6). The current must therefore come from 
the brash B round the outside drcnit, back to A, down a and 
up b. The brushes must be so ammged that the dividing 
line pq is under the brushes at the moment tiiat the windii^ 
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a, 6 is at right angles to the field N, 8. There is no need for 
NS to be a permaneot magnet : it may be made of soft iron 
or steel and excited by the current generated in the armature. 
The current given by thia shuttle-wound dynamo is always 
direct but fluctuates. It has its nuLsimum value when the 
plane of the coil is parallel to the field, its zero when it is 
at right angles to it. Fig. 1 03 represents the relation between 
the current and the angular position of the coil. 




Fig. 104. 

Now suppose it were possible to have two winding on the 
same armature and that these were so arranged that while 
one gave the maximum current the other was at the zero. 

The currents given by the first and second windings would 
be represented by the curves ABOD, A'B'C'iy. 

The current given by the two together would be repre- 
sented by a curve the ordinate at which at any point was 
equal to the sum of the ordinates of ABO... A'B'C at the 
same point The curve A'aBhCcD will therefore represent 
the total current 

The current still fluctuates but very much less than before. 
In an ordinary dynamo we have a great number oS difierent 
windings and so obtain a cun%nt which is almost without 
fluctuations. 
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130. KlQg Armature. Fig. 105 is supposed to repre- 
sent a section of a ring-wound cogged armature: eight 
windings are shewn. If the armature were at rest the lines 
of force would not pass straight from the North pole of the 
field magnet to the South, for they always run in soft iron 
rather than in air: their course is shewn by the filings in 

fig. isa 

From this it will be seen that all conductors on the outside 
of the field cut lines of force aa they pass round, but the 
conductors on the inside do not, so that only half the wire 
in armature is usefid for generating electromotive force. 



i 



Fig. 106. 



All the outside conductors on the left-hand portion of the 
armature have a downward K H. F. (i.e. downward as seen in 
the figure), those on the right-hand side are upward Each 
of the four coils AAAA therefore tends to driye s current 
along the winding in the direction shewn by the crosses of the 
arrows. They are therefore equivalent to four cells joined in 
series. The coils BBBB on the other side form another set 
of four in series : they are joined to the other four in paralleL 
The machine may therefore be compared with a battery of 
eight cells joined in two parallel rows, each row containing 
four cells in series. C£ fig. 106. . 
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131. Drum winding. Id a simple drum- wound 
armature the wires pass down one side of the soft iron core 
and up nearly opposite. The diagram (fig. 107) gives a 
winding of an armature with eight slots. The arrow points 
and tai\a indicate the direction of the induced e.m.f. The 
continuous lines shew the winding at the commutator end of 
the drum ; the dotted lines mark the connections at the other 
end. Notice that here ag&in we have two courses through 
the armature winding from taiish to brush. The two courseft 
are in parallel and each consists of four windings in series. 




Fig. 107. Fig. 108. 

In fig. 108 is shewn a developed diagram of the same 
winding. It is the figure we should obtain if we imagined 
the cylinder on which the wires are wound to be slit parallel 
to the axle and spread out flat 

133. Field magnet windingi. In a dynamo the field 
magnet may be (1) a permanent magnet, (2) separately 
excited, (3) series wound, (4) shunt wound, (5) compound 
wound. 

(1) A permanent magnet is seldom found except on toy 
machines and in the call of a telephone. 

(2) The field magnet of a dynamo nsed to give alternating 
currents is excited by a current tAken from a direct current 
dynamo. 

(3) In a series dyuMio, fig. 109 (a), the current from one 
brush passes round the field magnet and outside circuit in 
series back to the other brush. All the current passes round 
the field magnet, armature, and circuit It is often hard to 
get such a dynamo to start 
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<4) In a shunt wound machine, fig. 109 b, the winding of 
the field magnet is in parallel with the outside circuit The 
current generated in the armature divides into two parte: 
one gocB round the field magnet, the other round the external 
circuit 

(5) In a compound wound dynamo, fig. 109 e, there are 
two windings on the field magnet One of these ie a shunt 
to, the other in series with, the external circuit 




Fig. 109. 

If the armature of a dynamo is rotated at a conBtant speed 
the terminal voltage generally increases with the current 
taken in the external circuit if the field magnet is series 
wound: it decreases for a shunt wound. In a compound 
wound machine, the volte should be almost independent of 
the current used. 
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For charging secondary cells we cannot use a series wound 
dynama If we tried to do eo, there would be a danger of the 
current Teversing in the field magnet and so altering its 
polarity. If this occurred the dynamo woidd help the cells to 
dischai^e. This would not be the case in a ahunt wound 
dynama 

133. Motors. Any dynamo described csn be used as a 
motor, but since the current in the armature is only kept low 
by the back b.m.p. generated by its rotation in a magnetic 
field, the current must not be turned full on till the motor is 
goii^ full speed. Also remember that a shunt wound motor 
must not be loaded till it is going full speed A series wound 
motor will stttrt from rest under load. 

134. Heating. When a dynamo has been running for 
some time its temperature rises. There are several reasons 
for this. 

(1) Mechanical friction at the bearings. 

(2) The currents in the windings of the armature and 
field magnet warm these conductors. 

(3) Eddy currents. Not only do useful currents flow 
through the copper windings but current are also induced in 
all the moving parte of the macliine. In the body of the 
armature these are reduced by building it up in soft iron 
discs, insulated from one another and mounted on the axle. 

The motion of the magnetised armature also induces 
currents in the stationary field magnet : it is not usual to take 
any steps to prevent these. 

(4) Hysteresia. The armature is magnetdsed in different 
directions as it passes between the poles of the field magnet 
Now to magnetise a piece of iron, to demagnetise and then 
reverse the magnetisation requires a certain amount of work. 
The work done in taking a piece of iron through a magnetic 
cycle appears in the form of heat. It is impossible to avoid 
this source of heat but the effect is much less in some kinds 
of iron than in others, v. Art 175. 

135. Rotating Coil. To find the B.H.F. induced in a 
coil rotating in a uniform field 

Let A = area of coiL 
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Let ti = number of turns. 
H = strength of the field. 

(D = angular velocity of the coll about a diameter in 

its own plane perpendicular to the lines of force. 

d = the angle the nonnal to the plane of the coil 

makes with the lines of force at any time. 

Then the total number of lines of force which thread the 

windings of the coil is AmH cob 0. 



(y 



\ 





Fig. 110, 

In a short time, dt, the coil turns through an angle d6 
which is equal to adt. The change in the number of lines of 
force is 

A»Hicosd-co8^+rf^} 
= KnXlmi6d0 
= AnH sin . adi. 
Hence the rate of change is AHncosin 0: this expression 
measures the E.M.F. in c.G.a electromagnetic units. If the 
resistance of the circuit is R (ohms) then the current in 
amperes will be 

10-» -^ «« sin 5. 

Note. ( 1 ) Since sin ^ = when ^ = 0, there is no B. M. F. 
when the coil is at right angles to the field: i.e. when the 
number of lines of force is a maximum, for then the rate of 
change in the number is zera 

(2) The expression for the RM.F. is greatest when = a, 
so that the B.H.F. is greatest when no lines pass through the 
coil, for then the rat« of change is greatest 
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(3) TTie E.M.F. chaises sign when ^ = 0, tt, 2v, etc., 
Le. the E.H.F. reverses whenever the coil ie at right angles to 
the field. 

The chai^ which passes in any time is of course equal to 
the product of the average value of t^e current and the time, 

, average rate of change iu number of lines ^. 
i.e. charge = — ^ ^-^ ^ x time. 



but the average rate of change of any quantity x time = total 
change in that quantity. Hence the charge which passes in 
any time 

_ total change in numl:>er of lines of force 



If we measure the resistance in ohms, we must multiply 
this expression by 10~*, if we wish to express the result in 
coulombs. 

136. Earth Inductor. .Let us apply this result to the 
case of the earth inductor (Art. 120), Suppose the inductor 
consists of n turns of wire of radius a cm., and that the total 
resistance of inductor and galvanometer is R ohms. When 
the coil is at right angles to the earth's field the horizontal 
component of which is H (-18 dyne) the number of lines of 
force passing through it will be 

Hn . im'. 
If then the coil is turned through 90° so that it now foces 
East and West, no lines will pass through it Hence the 

T6»H. ' 

If it had been turned through 180° the charge would have 
been double this : but if through 360°, it would have been 
zero, for the current would have reversed during the second 
half of the revolution. 

137. Self-inductloii. When the current round a 
circuit is altering we have seen that an induced E.M.F. is 
generated which tends to check that change and that the 
magnitude of this is proportional to the rate of change. 

Now consider a circuit throu^ which unit current threads 
!• lines of force : suppose that originally there is no current 
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and that an km-F. of K is suddenly applied; denote the 
current at any time thj i. 

The rate of change of current will be dijdt and the back 
B.M.F. induced is Isdi/dt. The real e.m.p. will therefore 
become & - Itdi/dt. 

If R is the total resistance, then by Ohm's Law 

B-Lf-iB, 
at 

and the solution of this equation ia 

--f 

i.e. i = (B -«"*')/». 

Hence we eee that the current does not rise immediately 
to its final value E/R. 

The quantity !■ is termed the ' inductance ' or coefficient 
of self-induction of the circuit The coefficient of mutual 
induction of the circuits is the number of lines of force 
passing through either, due to unit current in the other. 

In all our previous results we have neglected inductance. 
If the coU in Art 135 had an appreciable coefficient of self- 
induction the expressions for charge and current would have 
to be much altered. 

EXAMPLES 

1. A coil of 35 turns, radius 50 cm., lies flat on a bible at a place where 
the vertical field is '4 djna It is connected to a bEillistic galvanometer 
and the total resistance of the circuit is 3 obms. What chargre will pass 
through the galvanometer if tlie coil is (I) rerersed, (2) placed in the 
meridian 1 

2. What is the flux through a coil of area 50 sq. cm. and 40 turns when 
Ijiag on a table! Assume values given in Art. 6. If the tenninala of 
the coil are connected to a galvanometer and the total resistance of the 
circoit is 6 ohms, what charge will pass through the galvanometer when 
the coil is reversed i 

3. What is the flux through a ring of radios IS cm. due to a mi^net 
pole of strei^h 3000 placed on its axis and 25 cm. from the centre ? 

4. Would aluminium wire l>e suitable for winding motors ! 

5. What points would you have to consider before deciding what 
thickness of wire you would use to wind (1) the armature, (2) the field 
magnet of a dynamo 1 
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6. If the directJoQ of the current supplied to a motor is reversed, will 
the direction of reTolution be reversed 1 

7. Dnw the developed winding of a dynamo armature with sixteen 
slots. (Join 2 to 9 behind, 9 to 4 in front) Draw also a diagram similar to 
Gg. 108. 

8. A hoop of wire b made to revolve abont a fixed vertical diameter. 
Describe how the direction and magnitude of the currents induced change 
during one complete revolution. 

9. What canses tend to make masses of iron used in dpiamos grow hot 
when at work ? How is each cause best guarded against 1 

10. A current from a battery is poased through an ammeter aud motor. 
Deecribe and eipMn the difference in the readings of the ammet«r when 
the motor is (1) prevented from rotating, (2) allowed to run without load. 

11. The motors of a tramcar are so coonecfed that they may be joined 
up in series or parallel What advantage does this arrangement offer aud 
when must the driver use them in parallel and when in series ? 

12. When is a starting reeistance necessary in a motor ? 

13. A dynamo is turned by a steam engine. In what practicable ways 
would it be possible to vary the voltage between the terminals ? 

14. How would you expect the voltage of a dynamo to be affected by 
the q»eed of rotation when the field magnet is (1) separately excited, 
(2) shunt wound ? 

15. What forces act on the wires in the armature of a dynamo t 
Are there any forces on the field magnet winding) 

16. A coil of 50 turns of wire, 20 cms. in diameter, is mounted on a 
vertical axis and rotated at a tmiform rate of 5 revolutions a second in die 
earth's magnetic field. (/f='18.) The average current through the coil, 
irrespective of sign, is found to be 1'5 milli-amperes. Calculate the 
resLstance of the coil in ohms. 

17. A current C fiows in a circuit of resistance R and inductance !■. 
If the ILM. F. which drives this current is suddenly removed, shew that after 

a time I the current t is given by the equation i=Ge ^ . 

1& Prove that a current C in a coil of setf-indocljon L has energy 
iLC". 

19. Shew by differentiation that if the coil in Art 135 has a coefficient 
of self-induction L the current at the period ( is given by the relation 

.■-fl'cos(«(-o)/{ff'+iV}i, 
where taMwIitt/B. 
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CHAPTER XV 

ampIirb's law 

1 38. The magnetic force at a point due to a current. 

Suppose a current i flows along a small length PQ (= ds) of a 
conductor, that is a point distant r from P and that PQ 
makes an angle 6 with OP. Then the force on unit pole at 
O is ids 8in 6jy and is perpendicular to the plane of POQ. 

If » is measured in CG-S. electromagnetic unit«, and r 
in centimetres, then this force is measured in dynes. The 
result is known as Ampere's Law. 

(1) Force at the centre of a circular coU. 

Here each element of the coil is at ri^t angles to the 
radius : hence the force will be simply 

[ids i X length of coil _ 2-irn 



fids _ i 



if r is the radius and there are n complete turns. 





(2) Force dve to a long straight cwrrent (%. 1 12). 
Suppose a point O is distant a from an infinite straight 
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conductor, N the foot of the perpendicular from O, PQ a 
small element of the conductor. Denote the angle NOP 
by ^, POQ by </*, 

NP = a tan ; PQ = <? (a tan 0) ■= a aec" ^rf^ 

Magnetic force at O due to current i in element PQ 

iPQ cos i a see* ^ cos 0rfi^ i cos <f>dit> 

~ OP* " a'sec"!^ a ' 



. total force at 



"=/: 



icos0 



(;^ = 



A deduction from this proposition 
is important Suppose a magnet 7is 
is fixed to an arm PQ which is capable 
of rotating about a vertical axis along 
which a current flows. 

If r, / are the distances of the 
poles of the magnet from the axis, 
then tiie moments about the axis of 
the forces exerted on the two poles are 



&="^ 



2i 



— xrxm and 



2t 



-m. 



if m is the strength of each pole. 

Hence the total moment is zero, so that the magnet as a 
whole and therefore the arm as well, have no tendency to 
revolre round the conductor. 

The result has been tested carefiJlj by experiment and 
oo trace of any tendency to rotate has been discovered This 
is strong evidence of the truth of the law that the magnetic 
force due to a straight current varies inversely as the distance 
and also of Ampfere's law from which it was deducted 

(3) Farce at a pomi on the axis of a coil. 

Suppose the coil has a radius a and that I is the distance 
of a point on the axis AO from the coil CC. Denote the 
angle CO A by a. The force at O due to an element ds of the 
ring at C is i(fe/? for the element is at right angles to OG. 
The direction of it is perpendicular to OC and its component 
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along the axis is -^ ain a, i.a —^ . But the resultant must 
by symmetry be along the axis : hence this resultant 
{tads ia f, 2w7M»' . 

if the coil consists of n complete turns. 





Fig. 114. Fig. 116. 

(4) Force' on axis of a hdiic. 

We shall only deal with the case in which the helix or 
solenoid is so long that we can suppose it infinite. 

Assume that there are n turns per unit length, a ia the 
radius. Consider the force at O due to the current * in 
a turn of wire distant x from O. Its magnitude will be 



In a length dx there will be ndx turns of wire : hence the 
force due to the current in the length dx of the solenoid is 

2ira^ . J 

— — o tndx. 

(a' + iC)* 
Hence total force 



2imaH 



(a' + a?)^ 



sin' ff a* cosec* o 
2Tmi sin 0dd 
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139. Work done In passing nnlt pole through a 
circuit. We shall only take a simple case : suppose the unit 
pole is passed through a circular current along the axis. 
The force on unit pole at a distance x from the centre of a 

coil (radius a) in which a current i is flowing is s, and 

(ic» + a'p 
the work done in bring^ the unit pole nearer by an amount 
dx is obtained by multiplying this expression by dx. 

Hence the total work in threading the ring by passing 
unit pole from a great distance one side to a great distance 
the other side is 

/■+• ^aHdao 



"(iC+a')^ 



= 4m, 



This is only a particular example of a general theorem: 
the wort done in carrying unit pole by any path round any 
conductor and petuming to the starting point is i-rri where 
i is the current in the conductor. 

140. Mechanical Force. A conductor carrying a 
current in a magnetic field is subject to mechanical forces. 
This fiict has been illustrated in Chapter I, where a toy 
motor was described. The magnitude of the force acting on 
any element of the conductor is proportional to (i) the length 
of the element, da ; (ii) the strength of the field, H ; (iii) the 
strength of the current, i ; (iv) the sine of the angle between 
the directions of the field and the element, ^. If all th«e 
quantities are measured on the electromagnetic system the 
measure of the force in dynes is "Hi sin ^ds. The direction of 
the force is at right angles to both the field and the conductor. 
If the middle /inger of the right hand is held parallel to the 
magnetic /ield, the index finger to the current {i), then the 
^umb when at right angl^ to both is pointing in the direction 
of the fArust 

EXAMPLES 

1, Prove from Ampire'B law that the work done in cartTing a unit pole 
rtmnd a long straight wire carrying a cmront i is ini. 

2. ABBuming' the result of Art. 139, prove that the force at any point 
inside a long solenoid carrfing a current i witli n tnmg per cm. is iitni and 
that the force outside it is everywhere sero. 
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3^ lo fig. 10 the distance from the nuU point to the centre of the 
wire was 15 cm. and the strength of the earth's field was 183. Find in 
amperes the strength of the current 

I. A long solenoid of diameter 3 cm. is made of wire wrapped 8 turns 
to the cm. It carries a current of 53 ampere. What is the flux 
through it} 

6, Shew that a circular coil of area a canying a current i eierts ou 
unit pole on its axis a force equal to that exerted by a magnet of unit 
length in "Gauss A" position (Art. 160) of inteusitj t and pole area n. 

& Two long straight parallel conductors, 2d apart, cany equal currents 
1 : find the force at points equidistant a from both. 

7. Find the total force exerted on a coil of radius r and n turns 
carrying a current t when a single pole of strength m is at the centre. 
Shew that this force is equal to the force exerted by the current on 
the pola 

& Two parallel currents i, i' flow along conductors x cm. apart Prove 
that the mechanical force per unit length which each exerts on the other 

is atf/iT. 

9. Two small coils on the same axis carry a current t. If the radius of 
each is r and the distance between them is d, find the force each exerte on 
the other. 

10. Find the force on a long straight wire carrying a current i due to 
a magnetic pole of strength m at a distance d. Deduce this from Art 140 
by intt^T&tion. 

II. Find the resultant force on a magnet of moment M, length I, with 
the centre distant r from a conductor carrying a current i and placed as in 
fig. 113. 

12. A coil of effective area a and radius r rolatce with ai^ular velocity 
w about a vertical diameter. At the centre is mounted a compass needle 
which is deflected from the meridian through an angle B by the cnrrMit 
induced. Prove that the resistance of the coil in electromagnetic units is 
«w*f— *cota, (B.A. method for determining the ohm.) 

13. On the axis of a ring of 15 turns, radius 8 taa. and resistance 
'13 ohm is a magnetic pole of strength 3000. When the distance is x cm., 
what is the flux through the ring ? Consider x great compared with radius. 
If the pole approaches with a velocity v cm./sec., find the current induced. 
Evaluate these when e-20, ;;-200. 
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ELEMENTARY MAGNETISM 

141. Kelvin's OompasR. The ordinary compass is a 
mi^net supported in such a way that it can turn in a hori- 
zontal plane about a vertical axis. On the delicacy and 
workmanship of the support the value of a compass is depen- 
dent On board ship a compass should be steady : that is to 
say its period of vibration should be loi^. It should be light, 
free from friction, and though the ditd card should be lai^ge 
the needle should not be long. The Kelvin compass shewn in 
t^e figure satisfies all these conditions. It consists of eight 
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fine magnetiBed needles mounted parallel to one another, tied 
together with silk and mounted by eilk stays in the middle of 
a tight ring of aluminium on which are marked the cardinal 
points. The cup is of brass and holds a sapphire crown. The 
whole is supported on a hard smooth pointed pin (fig. 117). 




Fig. 117. Fig. US. 

143. Action of Pole on Pole. Take a bar magnet: 
it will probably be marked on one end with an N. This 
should be its North Pole, but as the magnetism of such a 
bar is frequently reversed it is just as well to make certain 
of the point. Do this by holding it up by a piece of thread 
and a paper stirrup. 

Now bring the end which you know to be North near the 
North Pole of a pompass needla In place of an ordinary 
compass, you may use a magnetised darning needle {ns) which 
pierces a piece of paper suspended by a length of silk fibre 
{//), fig. 118. 

The pole, «., moves away : indicating that the two North 
Poles repel one another. In exactly the same way you can 
shew that two South Poles can repel: that a North Pole 
attracts a South Pole. 

It is near the ends of a magnet that the effects are moat 
marked. To shew this roll a magnetised bar of steel in a box 
of iron filings. They will adhere in bunches round the ends : 
none will stay at the middle. We may regard the centres of 
these two bunches as the poles. 

143. Magnetic Induction. A magnet attracts iron 
filings ; a rough way of testing a piece of iron to see whether 
it is magnetised or not is to dip it into a box of iron filings. 
If the iron picks up the filings, it is magnetised Test in this 
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way a few peQ nilie or aewing needlee aod pick out a couple 
which shew no signs of magnetism. Hang 
both of them by their points on one end — 
say the North — of a strong magnet close 
together but not touching. Look care- 
fully to see whether the two hang vertically 
side by side or the lower ends are ferther 
apart than the points. In the latter case 
how could you possibly account for the 
apparent repulsion between the two f "B- "»■ 

Test the two nibs again with the iron filings. 

As the result of this experiment you will probably find 
that both nibs have become magnetised. This is not neces- 
sarily the case for all nibs are not exactly similar. If they 
are, test their polarity, La see at which ends the North and 
South poles lie. 

Take the magnet again and hang from the 
end a nib or a wire dsSL At the end of this 
you will find you can hang a second, and so on 
until you get a string of perhaps four or five. 

The formation of this chain of nails is 
easily explained. Suppose the North end of the 
magnet is used : then the first nail, when near 
it or in contact with it, becomes magnetised 
and in turn magnettses the second and so on. Fig. 120. 

We get then a chain of magnets, the North Pole 
of one clinging to the South Pole of the next The existence 
of the tuft of filings (Art 142), is explained in the same way. 

The magnetism produced by the presence of a magnet is 
said to be int^teed. In the cases considered this magnetisation 
by induction is only temipora/ry. To shew this hang a wire 
nail or key from the pole of a strong magnet and dip the free 
end into a basin of filings. A bunch clings to it Now 
remove the nail from ofl" the magnet The filings all, or 
nearly all, fiall off. 

It is worth while to repeat the experiment, replacing the 
nail — which is made of soft iron — by a darning needle, razor, 
blade, or other piece of hard steeL You will notice this 
difference : when the needle is pulled off the magnet some of 
the filings will stiU adhere. The needle is magnetised by 
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induction in the same way as the soft iron, but the soft iron 
loses nearly all trace of magnetisation when removed from 
the neighbourhood of the magnet: the hard steel retains it« 
magnetisation much better. Hard steel can be permanently 
magnetised ; soft iron or steel cannot 

The attraction of a piece of iron by a magnet appears a 
very simple thing at first sight, but as a matter of foct the 
attraction is preceded by the magnetisation of the iron. One 
portion of the iron becomes North and the other South so 
there are at least four forces to be considered : the two 
repulsions between the lite poles, the two attractions between 

the unlike. The final approach of a 

filing to a magnet is due to the fact L? nJ /^^^ 

that two of the unlike poles {N, s), 
fig. 121, are comparatively close to- ^'^- ^^^" 

gether and that their attraction more than balances the 
repulsion between the like poles. 

1 44. To test the polaiitr of a nuLgnet. If a piece of 
mi^etised iron is brought close to a compass needle the iron 
is magnetised by induction from the needle and attracted. 
Attraction then between a compass needle and a piece of iron 
is no sure indication of previous magnetisation in the iron. 

If, on the other hand, the approach of a piece of iron 
causes repulsion there must be two like poles near t^^ther 
and the magnetisation of the iron cannot be due to induction. 
Repulsion is therefore the proper t^t 

Fig. 132. 

Now suppose a magnet, N8, is placed near to a piece 
of soft iron, AB, as in fig. 122. We know that AB will be 
magnetised by induction and the experiments above are 
really sufficient to prove that the end B is North and A is 
Souti for (1) iron is on the whole attracted: the two poles 
nearest together must then be milike ; (2) if the iron is not 
very soft (the nib experiment of Art 143) it will retain some 
magnetism. The magnet N8 may be taken away and the 
ends AB tested with a compass needla It will be found that 
B repels the North Pole, A the South Pole of the needle. 
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If the magnet ia placed to point Elaat and West, the end 
B may be tested in position, for tiie repulsion of the North 
Pole of a compaaa needle ne ie much more marked when the 
rod is there than when it m removed. 

To teBt the polarity of the near 
end place the compass and the 
magnet as in fig. 123. This time 
the magnet is to point North and 

South. Then gradually bring up B a 

from the left-hand side the rod AB t fl f-n 

into the position shewn. As AB 'a 

approaches the North Pole of the Fig. 123. 

compass iM will move away. This 
indicates that the end A is North. 

146. Induction by the Earth. A piece of iron in the 
neighbourhood of a magnet becomes itself a magnet Now 
the earth is magnetised and therefore all pieces of iron may 
be expected to shew signs of induced magnetism. 

To illustrate this do the following experiment Take an 
unmagnetised rod of soft iron. Hold it horizontal in the 
plane of the meridian and tap it gently with a hammer. Now 
test both ends by means of a compass needle. You will find 
that the end which pointed North repels the North end of a 
compass needle. The rod has therefore been magnetised by 
induction from the earth. To demagnetise the rod, hold it 
horizont*d pointing East and West and strike it a few times 
with a hammer. 

After it is demagnetised, hold it vertical and tap it again 
with a hammer. It will become magnetised again : and the 
North Pole will be at the lower end. If you care to take the 
trouble you will find that almost any vertical piece of iron — 
a pillar, raU, gas pipe — is magnetised with a North Pole at 
the bottom. 

146. Linei of Force. Consider the action of a magnet 
N8 at a point jP near to it Of course if there is no magnetic 
substance at P there will be no action at all. We shall 
suppose then that we have the North Pole of a small compass 
needle at P. It will be repelled by N, attracted by 8. In 
the diagram 8P is about half NP so that the attraction to 8 
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will be about four times the repulsion from N, for forces 
are inversely proportional to the squares of the distances 
between poles. To fiad the direction of the resultant, mark 
oflF a length PA of one unit along NP and a length PB of 
four unita along PS. Complete the parallelogram PACB: 
the diagonal PC gives the directioiL 

Now if we could get a North Pole at P and it were quit© 
free to move it would b^n to travel in the direction PC. In 
actual practice we cannot get a North Pole all by itself: 
every magnet has a South Pole as well as a North. We can 
however t«st our result roughly by the following experiment 




Fig. 124. 

Take a long magnetised needle and by thrusting it through 
a cork arrange it to float vertically in a large trough of water, 
North Pole upwards. Place a magnet, bar or horse-shoe, 
nearly level with the sur&ice of the water and close to the 
floating needle. The needle will move away from the North 
end of the magnet, trace a curve and flnally reach the South 
end. Note the shape of the path. Repeat the experiment by 
starting the needle in difierent places. (Unless the trough is 
a big one the cork will be pulled to the side by the sur&ce 
tension of the water.) 

The path traced by the needle is called a line o/foree. 

This method of tracing lines of force — though very simple 
and easily understood — is neither exact nor convenient. A 
much better method is to use a compass needle. 

Consider again the magnet NS (fig. 124): the force on a 
North Pole at P is in the direction PC. This means that if a 
small compass were brought up to P, its North Pole would 
w. 10 
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be pulled in the direction PC, its South Pole would be pushed 
in the opposite direction, GP. The compare would therefore 
point along the line PC. This ia the direction of the 'line of 
force ' passing through P. 

147. To trace lines of force. Place a magnet pointing 
South and North in the middle of a large sheet of paper. 
Put the compass near the N end of the magnet and make a 
dot on the paper at each end of the needla Now move the 
compass into such a position that the south-seeking end of the 
needle maybe where the north-seeking end was. Make a dot 
under the north-seeking end, and continue in the same way. 
Draw a curve through the points thus obtained. 

Obtain several other curves in a similar way, starting from 
different points. 

Fig. 125 is the northern half of a drawing obtained in this 
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way. There is, however, this point to be noticed. The earth 
acts as a magnet so that the lines of force obtained are due 
partly to the earth, partly to the magnet. 

In the centre of the field the force due to the magnet iB 
much greater than the force due to the earth, and the shape 
of the lines is only slightly modified by the influence of the 
earth. On the outlying partis, however, the case is just 
reveraed. 
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Notice the point marked X. At all pointB in the axis, a 
compass voold point either due North or due South. Near 
to S the magnet's influence will be greater than the eaj-th's 
80 that the compaes would point due South : further off the 
earth's influence will be greater. There must, therefore, be 
some point at which the two are exactiy equal, and where a 
tiny compass would point indifferently in any direction. Such 
a point is called a jieutral point. X is a neutral point, 
and there is a corresponding one further South outside the 



If the magnet is reversed — i.e. points to the North — there 
are uo neutral points on the centrtd Una There are, however, 
two others, one on either side of the magnet, v. fig. 136. 

Fig. 127 gives the lines for a magnet pointii^ at right 
angles to the meridian, 

148. Iilnes of fbrce traced by flllngB. If the field 
which has to be traced is a strong one, iron filings may be 
used in place of a compass: each little chip of iron is 
magnetised by induction and its North Pole is ready to join 
up to the South Pole of its neighbour. In this way chains of 
filings are formed along the lines of forca 

Place a magnet on the bench under the middle of a sheet 
of white cardboard. Sprinkle the surfece with filings shaken 
from a muslin bag held a foot above. Tap the cardboard 
gently. Make a sketch of the figures produced 

If you wish to make a permanent record a simple plan is 
to lay on the top of the cardboard a sheet of paper which has 
been soaked in hot paraffin wax and allowed to drain and 
cool. If the filings are scattered over this in the usual way, 
a little heat will cause them to stick to the paper. 

The figures (129 &a) were obtained by scattering the 
filings in a dark room on the film side of an ordinary photo- 
graphic plate : the magnets were below under the glass side. 
After the plate had been sprinkled and tapped a match was 
lighted and held a yard above the plate. 

Fig. 128 shews the lines due to two magnets with like poles 
tt^ether. 

Notice that the outer parts of the field are not very 
different from those of a single magnet 
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Notice also the two neutral points half-way between like 
polee. 

In fig. 129 unlike poles are together: note the neutral 
point in the centre. 

In flg. 130 a bar of soft iron replaces the npper magnet. 
Note that the field does not seem to extend to the &r side of 
this iron. 

In fig, 131 the left-hand half represents half the field due 
to a horee-shoe magnet without a keeper : the right-hand half 
is the corresponding %ure for the same magnet with the 
keeper in position. Note bow the keeper confines the field. 
In the first case the field near the pole is so strong tbat the 
filings are pulled right away and a bare patch is left. 

In fig. 132 we get the field due to three poles, in one case 
two alike and one unlike; in the other all three alike. 

Fig. 133 shews an iron washer between unlike polea The 
lines crowd up to the ring and run through the material of it 
so that none can be detected within the inner circle. 

Fig. 134 gives the lines due to a single pole. To obtain 
this the magnet was vertical and the plate faorizontaL Notice 
the lines crushed to the comers. 

Fig. 135 was obt«uned in the same way but a circular sheet 
of iron was held between the plate and the magnet 

Fig. 136 is from two magnets placed to form a T. 

These figures give a good deal of information about the 
behaviour of iron in a magnetic field. In the first place we 
see that the lines of force bend and crowd into the iron. 
Further they do not seem to cross the iron at all. Thus the 
bar of iron in fig. 130 'shields' the space beyond it &om 
the action of the magnet. There are no lines of force in the 
middle of the iron ring, fig. 133. 

This screening or shielding effect of iron is very important 
A compass needle placed inside a box made of thick soft iron 
would not be influenced by a magnet outside it A box of 
wood or glass or copper would not have a like effect 

149. To ma^netiM a rod of steel lay it on the bench and 
draw the pole of a strong magnet &om one end A to the other 
end B{fig. 137). Lift the magnet off at B, replace it at 4 and 
draw it again over the steel to B. Repeat this several times. 
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If the North end of the magnet is used, the end ^ of the 
steel will be North, and the end B will be South. 

It is perhaps more effective to 
UBe what is called the method of 
' divided touch.' Take two mag- 
nets and bring the North Pole of 
one and the South Pole of the other 

close together near the middle of ^ ^ 

the steel. Now draw them apart Fig. 137, 

towardB the ends A, B (fig. 138). 

If the poles are as shewn, the end A will become South, 
and B North. The steel may be laid on two other magnets, 
N'y 8', but this is not neceaeary. 



~\l 



Fig. 138. 

150. Consequent poles. Repeat the above operations 
on another piece of steel, but this time use the two like ends 
(say N.) of the magnets. The steel will be magnetised to 
form a double magnet : i.e. it will have like poles (S.) at the 
ends, and double or consequent poles (N.) at the centre. 

151. Molecular Theory of Magnetisation, If a glass 
tube is loosely packed with steel filings and treated in the 
same way as the steel bar in article 149, the filings can be 
seen to rise up on end and turn over as the magnetic pole 
passes across them. Furtiier, the rough suriace is smoothed 
out and the filings have joined up in Una If the condition of 
the tube is tested with a compass needle, it will be found to 
be magnetised to some extent The slightest shake, however, 
seems to destroy this orderly arrangement and with it the 
magnetisation. 

Now a piece of soft iron seems to behave in much the 
same way as the tube of filings. It also can be magnetised 
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bat a shake destroyB its magnetisation. We might imagine 
that the iron is made up of small particles, that each part is 
itself a magnet. In the ordinary condition thrae particles are 
arranged haphazard and point in different directions. The 
presence of a strong magnet might make many of these little 
'molecular magnets' turn round and &ce in a definite 
direction. 

Fig. 139 is an attempt to i «_ .,_ ^_ ^j f <_ «_ «.| 
lUustrate this imagined ar- j <- <- <- «-7 { <- <- »-| 
rangement Here the N. Pole m^,. 1S9. 

of one magnet comes close to 

the S. Pole of its neighbour so that the two practically 
neutralise There are, however, a set of N. Poles at one end 
and S. Poles at the other which have not been so eliminated : 
such a collection of little magnets would therefore act as one 
big magnet A shake would disturb the arrangement and so 
demagnetise the iron. 

Such a theory accounts for the properties of soft iron, so 
&r considered. Hard steel we may suppose differs from soft 
in that, though similarly constituted, the 'molecular mf^ets' 
cannot arrange themselves so readily: when arranged, how- 
ever, they are more firmly fixed This will explain why hard 
steel is less readily magnetised than soft iron : but when 
magnetised its magnetism is more permanent Soft iron 
or steel can only have temporary magnetism; hard iron or 
steel can retain its magnetism to some extent, but every 
shake or knock tends to destroy it 

Take a knitting needle, notch it with a file in the middle. 
Then magnetise by any method and break it in two at the 
notch. Test each part with a compass. You will find you 
have two magnets, each having a North and a South Pole. 
If you care to break the halves again, you will get four 
complete magnets; and so on till you get to quite small 
pieces, all of which are magnets. 

163. Demagnetiaation. It will be convenient to use 
a needle. Test its coudition by a compass and then hold it in 
a Bunsen flame till quite red hot Now bring it close to the 
needle, you will find there is no action : when red hot, iron is 
non-magnetic. Now remove the needle from the compass, 
heat it np again and drop it into water to cool it quickly. 
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Teat it again by the compass and yon will find that, though 
magnetic, it is no longer magnetised. 

If the steel had been allowed to cool in a strong magnetic 
field, it would have regained its magnetism. To do this, 
place it while hot between the poles of a strong horse-shoe 
magnet 

Heating and shaking d^troy the magnetism of a piece of 
steel : but even if not subjected to these actions no magnet 
is really permanent: it can demagnetise itself Consider 
what would be the behaviour of a little comx>ass needle placed 
on the top of a bar magnet, as in fig. 140; it would point 

towards the South Pole of the , „ 

m^^et I 1 

But on the theory we have ^ s 

just described the little ' mo- pig. 140. 

lecular ' magnets point in the 

opposite direction. They must therefore be under the action 
of forces which tend to reverse their direction. This reversal 
would mean demagnetisation. 

This tendency to reverse can be eliminated or decreased 
by putting near 8 a North Pole, near N a South Pole. 
Two magnets then placed side by side, as in fig. 129, will 
retain this magnetism much better than if kept separately, 
especially if their ends are joined by soft iron bars or ' keepers.' 

The purpose of the keeper with which a horse-shoe m^;net 
should ^ways be provided is now apparent It joins the poles 
together and becomes magnetised by induction : so that each 
pole is closely joined to an opposite one. 

153. Ewlng't experiment. If a large number of 
compass needles be taken and grouped together, by mounting 
them on a board, it is found that they do not all point toward 
the North but that one influences another so much that their 
arrangement appears haphazard. Prof. Ewing took a collec- 
tion of needles, such as this, and put it in a magnetic field the 
strength of which was gradually increased While the field 
was weak there was no marked effect: a few needles only 
changed their direction, but on the field being made stronger 
more and more needles pointed in the direction of the 
magnetic force until finally they all did so, a great number 
turning round all at the same time. 
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As the strength of the field was gradually decreased, a few 
needles only lost their ahgnment; most of them retained it 
until the external magnetic force was removed. A slight 
shake was then sufficient to cause them to take up positions 
and groupings similar to those they held originally. 

This experiment illustrates almost exactly tbe behaviour 
of a piece of soft iron and is further evidence in support of 
the molecular theory. 

154. HagneUc BubBtances. The only substances cap- 
able of being permanently magnetised are iron and some of 
its compounds such as steel and the oxide of iron which is 
sometimes found as a natural magnet. But though no other 
substances can be turned into magnets, yet many are influenced 
by a ma^et to some slight extent Such substances are 
called magnetic. Excluding iron, the most notable magnetic 
substances are nickel and bismuth. The former is attracted 
by a magnet and can be tested by a compass needle in the 
ordinary way, though it is better to hang up a bar of the 
metal between the poles of a powerful magnet 

The behaviour of bismuth is quite different WTien treated 
in the same way as the nickel, instead of being attracted to 
one of the poles it turns at right angles to the line joinii^ 
the poles and is repelled from the strong part of the field. 

Iron, nickel and cobalt are attracted by a magnet and set 
themselves along (or parallel) to the lines of force : they are 
called paramagnetic substances: bismuth and antimony are 
repelled by a magnet and set themselves across the hues 
of force. They are called diamaguetic 

In a really powerful field it can be shewn that almost all 
substances are magnetic to some extent : thus wood, paper, 
&a are attracted but only very slightly. It is remarkable 
how great a difference there is between the ma^etic proper- 
ties of iron and of all other substances. 

155. Temperature effect. The magnetic properties 
of iron are dependent on temperature. The higher the 
temperature the more strongly magnetic, provided that a 
certain limit is not passed. Beyond this critical tempera- 
ture, about 700° C. or 800° C, iron ceases to be magnetic 
at all. In other words the susceptibility vanishes and the 
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permeaWlity fijls to nnity (Art. 175). The temperature is 
apparently one at which the stmcture of the iron is in some 
way altered : for if a piece of the iron is allowed to cool down 
to it after being red hot it will suddenly emit a distinct bnt 
transient glow accompanied by a rise in temperature. For 
this reason the temperature is called that of recalescence. If 
a knitting needle is heated in a dark room in a Bunseii flame 
and then allowed to cool, this phenomenon can often be 
obeerred. The exact temperature of recalescence is dependent 
on the kind of iron or steel. So also is the critical tem- 
perature. 

The permeability of iron is not a definite quantity even for the aame 
gpeinmen : it is dependent on the strength of field. For very strong fields 
the above results are not true: for it is found that permeability then 
decreases with rise in temxterature : in any case however iron ceases to be 
c at the critical temperature. 



1. How could you conveniently arrange a horse-shoe magnet so that 
it would act as a compass needle ? 

2. A m^fuet pointing S. and S. lies on a teble. At several different 
distances both SI. and N. of the centre of this are placed small compasses. 
Draw a diagram shewing how these compasses would point, and indicate 
which would reverse if the magnet were to be reversed. 

3. What is meant by magnetic matter and magnetised matter 1 How 
would you distinguish between them ? 

4. Both ends of a steel bar attract the N.P. of a needle. Wtat is the 
magnetic state of the bar } 

5. How could you, by means of magnetic experiments, distinguish 
between bars of brass, soft iron, hard steel, and a bar magnet 1 

6. One end of a bar of steel is brought near the N.P. of a horizontally 
suspended magnet. At first there appears to be slight repulsion, but there 
is attraction when the distance between the two is decreased. Explain 
ttiia 

7. A bar of iron is stroi^ly m^uetised. How could you shew that the 
outdde parts only are affected 1 

8. Why is a magnet often made lamellar ? 
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9. 'A magnet attracte iron; but wheo we analjae the effert we learn 
that the metal ie not only attracted but repeUod, the final approach to the 
magnet being due to the difference of two unequal and oppesiug forces.' 
Tyndalt. 

Explain and criticise this atatement. 

10. How would you magnetise a bar of steel so that it may have 
consequent 8. Poles at the centre 1 

11. Two compass needlce are placed on a table, one a considerahle 
distance S.IV. of the other. What influence will they have on each other ? 

12. A compass needle is placed a long way due S. of a strong magnet, 
which lies in the magnetic meridian. Describe the beharionr of the needle 
as it is carried up to, over, and beyond the magnet 

13. An iron ball is held over a pole of a horse-shoe magnet Will the 
attraction exerted on the ball be altered if the polee of the magnet are 
connected by a soft iron keeper, wid, if so, in what way and why ? 

II A magnet is placed horizontally in the magnetic meridian due 
south of a compass needle. How will its action on the latter be affected if 
(1) a plate of soft iron is interposed between the two, (2) a rod of soft iron 
is placed along the line which joins their centres f Give reasona 

16, A strong magnet is placed with its centre due B. of a compass 
needle. If the magnet is horizontal and points N. and S., and is then 
turned round in the direction N., B., 8., W., N., about a vertical aiia, what 
will be the changes in the indications of the compass ? 

16. A magnet with its north-seeking pole B., and ita south-seeking 
pole W., is placed with its centre the same distance N., B., H., and W.t 
succCBSivcly, of a small compass needle on a tabl& Give four figures shewing 
the nature of the deflexion of the compass needle in each case. 

17. A piece of soft iron wire is held in a vertical position with its 
lower end near the North Pole of a compass needle, which is feebly 
attracted. The wire is then heated bright red by a flame, when it is 
observed that the attraction ceases. As the wire coob the needle is 
observed te be repelled. 

Bxplain these phenomena 

IS. How could you (1) magnetise a ring of iron, (2) test the magnetic 
condition of such a ring ? 

19. A magnet is placed near a compass needle. In what ways could 
we, without removing the magnet, get rid of nearly all its action on the 
needle 'I 

20. A rod of soft iron is placed horizontal and perpendicular to the 
magnetic meridian so that its axis produced passes through the centre of a 
compass needle. How is the needle affected by the iron, and how is the 
effect altered when the end of the rod remote from the needle is gradually 
raised until the rod is vertical ? 
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21. How would you place a rod of soft iron for it (1) not to be 
magnetieed, (2) to be magnetised as much aa possible along its lei^ith by 
tbe earth's ioductive action t Qif e your reasons. 

22. ABODE is a pentagon. A lai^ magnet lies along AB. Small 
compass needles are ^daced at the cornere. Shew in a diagram the positions 
they will assume. 

23. It is desired to have a compass which will oscillate as quickly 
as possible. What sort of magnet would you use, and how would you 
arrange it? 
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CHAPTER XVII 

TERRESTRIAL MAGNETISM 

156. To determine the magnetic axU of a disc and 
the meridian at any place. If a magnetised disc is liung 
up by a hook from tlie centre it 
will come to rest with its mag- 
uetic axis pointing North and 
South. To determine thia axis, 
rule any diameter on the disc 
and mark the position this line 
tabes up when the disc comes 
to rest This may couveniently 
be done by holding the disc over 
a horizontel drawing board and "*' 

marking the positions of the ends of the diameter by means 
of piiia. Now reverse the disc, so that the upper side comes 
underneath. When the oscillations have ceased, again mark 
the position of the diameter. The line bisecting the angle 
between the two directions so obtained gives the true compass 
North. That this is so is quite easy to understand, for turning 
the disc upside down cannot alter the direction of the magnetic 
axis which must be N. and S. so that any other diameter must 
be inclined as much West of it after reveraing as it was East 
of it before. 

157. The Meridians. At most places on the earth a 
compass needle points in a northerly direction ; not exactly 
North, but a few degrees East or West of North. We do not 
know the reason for this: in feet we do not know why it 
should point in any particular direction at alL 



DiclzedbyGoOgle 



Declination 



159 



To find true North — or geographical NorUi — we may use 
the sun or the stars: for these are due South of us when 
highest in the sky. It is quite worth while to do the following 
experiment Set up a stick vertically in the ground and take 
observations of the lei^^ of its shadow. When this is least, 
the Sun is due South and the shadow is x>ointing North and 
South. The time of this will always be between 11.40 and 
12.20 by mean (clock) time. You cannot get a very accurate 
North and South in this way, for the shadow is too indistinct 
to be easily measured, but you will quite readily see that the 
line is Dot in the direction in which the compass pointa 

We define the plane of the geographical meridian at any 
place as the plane passing through that place and also 
through the axis of the earth. It ie a vertical plane, true 
North and South. 

The plane of the magnetic meridian at any place is 
defined as the vertical plane passing through the axis of a 
compass needle. The angle between the two meridians is 
called the Declination. Perhaps it is simpler to say that the de- 
clination is the angle between true North and comi)a8s North. 

158. The Decltnometer is an iuBtruiuent for the accurate 

determinatioti of the magoetic North and South. A diagmmmatic sketch 
of this is shewn in lig. 142. It cousists of a telescope TTmimuted on a 
bar. ThebariBflxed to a table capable of revolving on acircnlar horizontal 
stand. This stand is graduated on the edge and the table carrier a vernier 
so that we can read azimuth changes, 
i.e. the angle tliruugh which we turn 
round the vertical axis. Over the centre 
of the table hangs the magnet fu, sup- 
ported b; a long silk fibre, free from 
torsion. This magnet is a steel tube 
magnetised along its length. The end 
remote from the telescope (w) carries a 
glass scale ruled verticatl;; the other 
end («) is fitted with a lens, the focal 
lengtb of which is equal to the length of 
the magnet; so that the image of the 
scale can be seen by the telescope. Now 
if the observer brings the image of the 
middle of the scale on the crosswires of 
the telescope, he knows that he is 
looking along the geometrical axis of 
the magnet and can find the azimuth 




Fig. 142. 
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by retuUng the scale and vernier, if before he jrat the magnet in position 
he had pointed the telescope on an object due (geograiphical) North and had 
taken the scale reading, the difference between the two readioga would 
give the declination, provided that the magnetic axis of the tube coincided 
exactly with its geometrical axis. In actual practice this condition ia not 
quite fulfilled. To correct for the error the tube is turned upside down and 
a new azimntli reading is token. The mean of the two readings gives the 
true direction of the magnetic axis (Art 156). 

159. The decllnatlou varies at different placeB and at 
different times. Thus in London in 1680 the declination was 
about 11 degrees E., and in 1657 it was zero, the compass 
pointing true North. After this date it gradually rose to its 
greatest value of 24^ degrees W. in 1820, when it began to 
decrease till it is now about 16 degree W. 

In addition to this sectdar change in the declination, thero 
are regular annual and diumal ehanges, as well as irr^;ular 
variations connected with solar disturbances. 

160. Inclination. A compass needle — like a weather 
cock — is mounted on a vertical axis and can only point in a 
horizontal direction. It does not shew the actual direction 
of the earth's magnetic force, any more than a weather cock 
which is uninfluenced by an ascending or descending current, 
shews the actual direction of a breeze. A magnetic needle, 
if it is to shew the true direction of the earth's field, ought to 
be mounted at its centre of gravity and free to i)oint in any 
direction. A very rough approach to thia mounting may be 
effected by taking a long knitting needle, cutting a deep 
notch in the middle and tying it up by a single fibre of silk. 
One end will probably be heavier than the other ; balance it 
by adding a little rider of cork and a^ust till the needle is 
horizontal. Now magnetise the needle and hang it up again. 
It will no longer be horizontal but the North end will dip 
down considerably. The angle which such a needle would 
make with the horizontal, if suspended freely at its centre 
of gravity, is called the imiinaiwn. or dip. 

Now the vertical plane passing through the axis of the 
needle is the plane of the meridian : it follows therefore that 
to find the angle of dip it is not necessary for the needle to 
be quite freely suspended : it would be sufficient if it were 
free to move in the plane of the meridian. All accurate dip 
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inatruments have this freedom only : they consist of a mag- 
netised needle mounted on an axle. When placed on its 
bearings this axle must be horizontal and point East and 
West (Le. at right angles to the plane of the meridian). The 
needle ie then free to swing in the meridian and to point in 
the direction of the earth's field. 

161. To find the inclination by the dip circle. 
Level the instrument Turn the circle about a vertical axis 
until the needle is vertical. Its plane is now B. and W, Turn 
it round through a ri^t angle so that it« plane may be N. 
and S. (Unless the instrument is a delicate one, it will be 
better to obtain the plane of the meridian by the use of a 
compass.) The reading may now be taken, but it is liable to 
three important errors : 

(1) Centre error, due to the centre of the needle not 
being at the centre of the graduated circle Ck>rrect for this 
by reading both ends. 

(2) The magnetic axiB may be inclined to the geometric 
axis. Correct for this by turning the needle over, and again 
read both ends. (C£ Art 156.) 

(3) Centre of gravity error : One end of the needle may 
be heavier than the other. Correct for thia by re-magnetising 
in the opposite direction. 

Hence we must (1) read both ends, (2) turn the needle 
over and read both ends, (3) reverse the magnetism and 
repeat (1) and (2). 

Shew with diagrams how the above methods supply the 
desired corrections. 

169. bocllnlo and Itogonic llnei. As a general rule 
a magnetic needle suspended at its centre of mass will, at 
places North of the equator, dip with the N. pole down. The 
nearer we get to the equator the more nearly horizontal will 
the magnet ba After crossing to the southern hemisphere 
the 8. pole dips down and the N. is tilted up. Roughly, the 
needle behaves as if the earth's field were due to a small 
strong magnet placed at the centre of the earth with its S, 
end pointing towards the so-called North Pole. The axis of 
this magnet would not coincide with the axis of rotation of 
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the earth, but would be inclined to it at a small angle and 
point towards Boothia Felix. To account for the secular 
changes we must suppose that this magnet revolves slowly 
round once in 960 years, always making an an^e of about 
15 d^reea to the axle of the earth. 

If on a map of tbe norid lines are drawn joining up all places at «4iich 
the dip has any particular valiie,-tbe curves so obtained are c^ed itoelinie 
lines. They roughly conform to the lines of latitude. 

UneB which join up places of equal declinatioii are termed Uogonie. 
There are two iaogonio linee on which the declination is zero. One of 
these runs in a lar^ oral round Japan as centre ; the other starting from 
Boothia Felix runs South -Easterly, crosses Brazil and passing right acrotis 
the Antarctic cuts off a comer of West AustraUa and takes a North- West 
course over the Indian Ocean and Europe up into the Arctic to Boothia 
Felix again. 

These two lines of zero declination are called tbe agonic lines. 



1. How could you determine the magnetic axb of a plate of steel ? 

2. A compass on board ship is affected by the iron on the ship. How 
can this effect be decreased and allowed for 1 

3. What is tbe direction of the lines of force due to the earth at 
London 1 What experiments would you do to find it 1 

4. How cui a dip needle be used to find the meridian 7 

5. What would be the behaviour of a dip needle carried along a. 
meridian from N. to S. pole? 

6. If a bar of soft iron were freely suspended at its centre of mass, 
would it remain at rest in any position ? 

7. A long soft iron rod is held vertically above the centre of (!) a. 
compass needle, (2) a dipping needle. Explain what effect, if any, it has 
on the needles. 

8. In what positions can a compass be placed if it is to be uninfluenced 
by a vertical magnet ? 

9. A tall iron mast is situated a little in front of the compass in a 
wooden ship. Explain the nature of the compass error when the ship is 
sailing in an easterly direction (1) in the northern, (2) in the southern 
hemisphere. 
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10. A amall weight is attached to the upper end of a dip needle, 
whereb; the inclination of the needle to the horizoDtal plane is diminished 
l^ oiie-hal£ Draw a diagram shewing the directions of the forces which 
act upon the needle, and state the conditions of equiUbriom. 

11. A road in the northern hemiqihere runs due north and south. At 
one point an insulated conductor passes beneatli it, in which an electric 
cnrrent flows from east to vteeL How will the indications of a dip needle 
be affected at points near to the conductor ? 

12. In adjusting a dip-circle the vertical circle is turned throng an 
angle which differs from a right angle b; an at^le ff owing to an error in 
Hie graduations of the horizontal circle. Prove that the angle of dip as 
fbuud from this instrument is tan ~> (tan A seed), where 9 is the true angle 
of dip. 
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CHAPTER XVIII 

QUANTITATIVE MAGNETISM 

163. The two pole* of a magnet are of equal 
itreogth. That this ie approximately true may be seen by 
the general eymmetry of the lines of force due to a ma^et, 
or even by the fact that a piece of watch spring bent into 
a circle after magnetisation has practically no influence on a 
compass needle. More exact proof is given by the facte that 

(1) When a magnet is floated in a lai;ge vessel of water, it 
turns towards the North, but it has no tendency to travel in 
this or in any other direction. This shews that the forces 
which act on its poles must be equal and opposite. The field 
in which the magnet lies is uniform : it follows therefore that 
the poles must be of equal strengths and of opposite sense. 

(2) The weight of a bar of iron is the same whether it is 
magnetised or not 

164. Action of a magnet on a single pole. From 
the law of inverse squares (Art 3) we can deduce the action 
of a magnet on a magnetic pole when the two are placed in 
any positions. Two positions are very important; one in 
which the pole is in the same straight line with the magnet, 
and the other in which the pole lies in a line which bisects 
the mag:net at right angles. 

(1) In the first case suppose A" and S are the poles of the 
magnet, the middle point of NS, and P the position of the 
magnetic pole. Then N08P will be a 8tra%ht line. 

Let OP = d, N o s P 

No.os~i. ,:^„3; 
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Then, if m be the strength of either pole of the magnet and 
m that of the pole P, 

the force on P due to S - 7:^^ , 
the force on P due to N'= vj^ ■ 

These forces are in opposite directions, and their resultant 
will therefore be measured by their difference. 
Hence the force due to magnet 

_ mn mn 

~id-iy (d+iy 

_ imnld 

= — ji— if we neglect ?' 



We shall make a very small mistake in neglecting i' if / is 
small compared with d, i.e., if the magnet is short 

Thus the force exerted by a magnet on a magnetic pole in 
this position is proportional to the cube of the distance. 

The quantity H, which is equal to the product of the 
strength and the distance between the poles, is called the 
moment of the magnet 

The ratio of the moment to the volume is called the 
intenilty of magneUiatloii. 



Fig. 144. 

(2) In this case, viz. when OP bisecte NS&t right angles, 
the force due to .y on P= ^ 



mn 



~NP^' 
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By the pwallelogram of forces we find that the resultant 
of these forces is jwrpendicular to OP, and 

2ntn . tTit^ 
^j^,BmNPO 

2mn ON 
" NP' ' NP 

2mni 
" NP' 



'OP" 

if N8 is so short that NP* and OP* may be coiiMdered equal. 
Mm 



166. Couple acting on a magnet In a nntfbrm fleld. 

Suppose a magnet, of a pole strength 
m, and length I, is placed in a uniform 
field of strength H and inclined to it 
at an angle 0. 

Then the force acting on each pole 
will be Hm. 

The distance between the lines of 
action of these forces is I sin 0. 

Hence tJie moment of the couple 
acting on the magnet 

^H)n/sind = HHsind, 
where M is the moment of the magnet. 

Hence the moment of a magnet is 
measured by the moment of the couple 
exerted on it when placed in and at right angles to a field of 
unit strength. 

166. Z>eflexlon of a compaH by a magnet. Suppose 
a magnet pointing East and West is due West of a point P 
in the earth's field. Then the resultant horizontal field at P 
is due to the two components : 

(1) the force due to the earth: this is due North and is 
indicated by H. 




Fig. 146. 
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(2) the force due to the magnet. If the magnet is 

lort compe 

(Art. 164.) 



If thiB resultant makes an angle A with the meridian, 
then (Art. 8) 

2M/__ ^ . M d\ . 

-^/H = tanA,or|j=2-tflnA, 

but the direction of this resultant ia the direction in which a 
small compass needle situated at P would point Hence the 
deflexion of a compass needle from the meridian by a magnet 
placed "end on" to it is given by the above equation. 

If the magnet, still pointing East and West, had been 
placed a distance d due North or South of the centre of the 

compass, it would hare exerted a force -^ and the deflexion 

B produced would have been given by the relation 

^ = rf«tanB. 

This position is known as "broadside on." 

An instrument used to investigate the deflexion of one 
magnet by another is called a magnetometer. For exact 
work the deflected magnet is usually very small and suspended 
as in a mirror galvanometer. A simpler instrument often 
used consists of a small com{)aes mounted at the centre of a 
graduated card. The deflexion of the needle is read by a 
long pointer fixed to it. Two arms, each about half a metre 
long, are attached to the compass box. 

167. The Uagnetometer. Place the magnetometer 
with the arms E. and W., with the pointer at the zera Place 
the magnet " end on " on the E. arm and note the reading at 
each end of the pointer. 
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Calculate the distance (d) between the centres from read- 
ings obtained by measuring to each end of the magnet from 
the centre of the scale. 

Now rererse the magnet, keeping the centre in the same 
position. Again read the deflexion. 

Place the magnet on the W. arm, at the same distance 
from the centre as before and so obtain another set of results. 
You will thus obtain eight readings of the deflexion. Calcu- 
late their mean (A). 

Take several further readings for different distances. 

Tabulate the results and plot a curve connecting the cube 
of the distance (ordinate) with the cotangent of the deflexion 
(abscissa). 

If the relation « = -5" t»ii * were exactly tme, we should 

get a straight line as the result : the variation shews t« what 
extent the inverse cube law is actually followed. 

Repeat the experiment in the "broadside-on" position. 

Plot both curves on the same sheet Shew that for the 
same deflexion the cube of the distance in one case is double 
that in the other. 

168. OaiiM'f proof of the lawof ttaelnverietquare. 

The preceding experiment verifies the conclusion of Art. 164, 
that the deflecting couple exerted by a magnet placed 
" end on" to another is twice ae great as when it is " broad- 
side on." 

Gauss shewed that this con- N O S 
stitutes a proof of the law of the 
inverse square; for let us sup- 
pose that the force between two 
magnetic poles varies inversely 
as the ^th power of the distance. 

Consider the intensity of the 
field due to a short magnet, 
XS, centre 0, at distant points 
C and i>: C being in the line ^^- "'■ 

NS, and I>0 perpendicular to it 

Let OC=OD = d, N8 = % strength of pole - w 
2/m = BS. 
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(1) Force at O 

mm (1 11 P.M. , 

(2) Foroe at D 

= j^-p sin ■^^<> - 2 ■^-^^, = ^^, (approx.). 

From these results we see that if a smaU ma^et is placed 
"end on" to a small compass needle it would exercise a 
deflecting couple^ times as great as it would if placed "broad- 
side on." 

To find the value of p. 

Place the magoet, poiDting ]&. and W., a considerable distance, d, due E. 
of a gmsll compass. The latter must be so arranged tiiat its deflexion (A) 
may be read b; means of a beam of light reflected from a mirror attached 
to it. 

From the results obtained above we must have 

Next place the magnet due 8. of the compass, and again find tbe deflexion 
(B). WeshaUget 

^,-HtanB. 

The ratjo of these two tangents gives the value dtp. 

When experiments are carefnlly made in this waj the value of the 
ratio is found to be exactly 2. Hence the law of the inverse iquare k 
experimentally proved. 

We deduce from the resnlts (1) and (2) above that if a mE^et is placed 
in either of the usual positions on a magnetometer, then the tangent of the 
deflexion is inversely proportional to the (^-(■l)th power of the distance. 
By actual experiment we find that it varies as the inverse cnbe; hence 
p .|- 1 = 3, and as before we get the value 2 for p. 

169. ComparUoD of magnetic moments of two 
magnet!. 

Method (1). 

Place the magnetometer with the arms East and West 
■with the pointer at zera Place one of the magnets on an 
arm of the magnetometer near enough to the needle to cause 
a considerable deflexion. 

Measure this deflexion and the distance as in Art 167- 
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Repeat the experiment with the other magnet, placing 
it in the same position as the first, and again read the 
deflexion. 

Compare the moments of the magnets by means of the 
relation of Art 167- 

Take other readings by varying the distances of the 
magnets from the centre. 

Method (3). " No deflexion " method. 

Place the two magnets one on each arm of the magneto- 
meter, and ao arrange their distances that the needle may not 
be deflected. In this case the moments will be proportional 
to the cubes of the distances of the centres from the needle. 

Verify by this means the result of your first experiment 

170. Time of oaclllatlon of a ma^et. When a 
magnet is su^^nded with ite axis horizontal so that it can 
turn freely about a vertical axis, it will oscillate from side to 
side if disturbed from its position of rest The time of 
oscillation depends upon 

(1) the horizontal component of the field (H), 

(2) Hie moment of the magnet (M), 

(3) the moment of inertia of the magnet about the axis of 
suspension (K). This can be determined from a knowledge 
of the shape, size, and mass of the magnet For an ordinary 
bar magnet 

where I = length, b = breadth (horizontal), and m « mass. 

The time of oscillation is independent of the amplitude 
provided that this is small and is given by the relation 



Vb 



From this result it follows that 

(1) witii the same magnet the strength of the field in 
which it swings is proportional to the square of the number 
of oscillations per minute. This gives an experimental method 
of comparing the strengths of different fields. 
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(2) with magiiete of the same mass and dimeDaions the 
ma^etic moments are proportional to the square of the 
number of swings per minute when they oscillate in the 
same field. 

171. Comparison of magnetic momenta by tbe 
method of oaoUlatton. You require two magnete of same 
shape and mass, bell jar, silk, watch. 

Take one of the magnets and suj^rt it in a paper stirrup. 
This is to be hung up by a fibre of ailk tied to a piece of wire 
laid across the top of the bell jar. The magnet must be 
evenly balanced so that it can swing freely in a horizontal 
plane. 

Place a small mark on the glass opposite one end of the 
magnet when at rest Now let the ~magnet oscillate through 
a amaU angle. Find the time required for (say) 20 swings, 
banning to count as the magnet passes through the equili- 
brium position. Deduce the time for one oscillation (£]). 
Find in a similar way the time for the second magnet (^ 
Apply the result of Art 170, and so compare the momenta of 
the magneta 

1 73. To find M and H. The results of Arts. 166, 170 
enable us to calculate the moment of tiie magnet and the 
strength of the earth's field. 

For suppose we have a magnet and place it due West of 
and " end on " to a compass : the deflexion it produces is 
given by the relation 

B-f""* <"• 

If the magnet is suspended as in Art 171, its time of 
oscillation is given by the relation 



Vi 



' MH 



..(2). 



If we multiply (1) and (2) we get an expression for M* 
If we divide (2) by (1) we get an expression for H'. 
To obtain results which are reasonably correct considerable 
care must be taken. Some form of mirror magnetometer 
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will probably be necessary, for with the ordinary form of 
instrument the magnet has to come clcee to the compass 
needle to produce a deflexion large enough to be read with 
accuracy. When this is the case, the formula (1) ceases to 
be true. 

173. Deteiminatlon of the earth'* field at any 
place. For a complete knowledge of the earth's field at any 
place we require to know 

(a) its direction ; 

(6) its intensity. 

(a) The direction of the field is generally given in terms 
of the dip and the declination. The former is determined by 
the dip needle as in Art 161 and the latter by the declination 
compass. 

(b) Let I denote the total intensity of the earth's field. 
Resolve this into two components, one horizontal, H, the 
other vertical, V. 

Hence if 8 is the angle of dip we must have 

H^IcosS, V = IsinS. 
These quantities vary &om place to place on the earth's 
Burfece. 

In London the values are approximately 

I = -47 dyne, H = "185 dyne, V = -44 dyne, 8 = 68°. 



1. Tlie repulsion between two exEtctly similar poles ia SI dynes. If 
tbey are 4 cm. apart, what is the strength of each ? 

2. What is the force between two poles of 100 and 250 placed one 
metre apart ? 

3. The force between two poles placed 10 cm. apart is csqnal to the 
weight of 1 gnn. What will be the force between Uiem when they are 
placed (1) 3 cm. nearer tt^ther, (2) 4 cm. further apart ? 

4. A north pole, strength 75, and a south pole of strength 125, are 
placed hi^f a metre apart At what point might a pole be placed not to 
be influenced by them ! What will be the strength of field half-way between 
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5. If two magnetised needles were Bnspeoded vertically, could they 
fona an astatic pair? 

6. A knitting needle balances at the centre when unmagnetised, but 
two millimetres from the centre when magnetised. Ite length is 25 cm., 
its weight 2 gna, and ^=044 gauss. Find the pole atrangth. 

7. A uniformly magnetised mt^^net 10 cm. long and 4 sq. cm. cross 
section has a moment of 1000 c.o.s. units. Cnlculate the strength of 
either pole, and the intensity of magnetisation of the steeL 

8. Two magnets, each of pole strength 50 and weighing 40 gnn., are 
placed parallel to one another and one cm. apart, the one lying on the 
table, the other suspended from tiie underside of the pan of a balance. 
What will be the apparent weight of the suspended magnet ? 

9. A horizontally suspended magnetic needle makes 13 vibrations per 
miuut« when no magnets are near. When a bar magnet is placed north of 
the needle with its axis in the magnetic meridian and its H. pole towards 
the needle, the latter makes 7 vibrations per minut«. How man; will it 
make when the bar is simibrly placed at the same distance south of the 
needle, its N. pole being sgain directed towards the needle ? 

10. Calculate the magnetic force at a point on the axis of a bar magnet 
ftt 100 cm. distance from the centre of the magnet, the strength of each 
pole being 100 and the length of the magnet being 4 cm. 

11. The magnetic toive, dde to a magnet of length 10 cm. at a point 
10 cm. from its centre in tbe prolongation of its axis, a calculated on the 
assomptioD that this force varies inversely as the cube of the distance from 
the centre. Find the error °/„ thereby introduced. 

12. ABCD is a square, length of side 12 cm. At the centre are two 
small magnets, each of moment S, placed one along each diagoual. What 
will be the intensity at A and at the middle point of AB i 

13. A suspended magnet, free to turn about a vertical axis, makes 10 
oscillations per minute at a place where the horizontal component of the 
earth's magnetic force is OlS dyne per unit pole. At another place where 
the angle of dip is 45° the magnet makes 12 oscillations per minute. 
Calculate the value of the earth's total magnetic force at this latter place. 

14. A magnet 2 cm. long with poles of 20 units is placed in a field of 
intensity 2 gauss, making an angle of 30° with the lines of force. Find the 
couple tending to turn it 

15. A small compass needle is observed to be in neutral equilibrium 
when laid on a table at a distance of 20 cm. due north (magnetic) of the 
soutii pole on a bar magnet lying on the table with its axis in the magnetic 
meridian. If the horizontal component of the earth's field is O'lSO o.o.s. 
and the distance between tiie poles of tbe mt^^net is 10 cm., find the 
magnetic moment of tbe magnet 
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16. Two short bar magnets are placed wHh their axes east and west, 
and their centres at diatauces of 13 and 20 cm. respectiTel; east and west 
of a small compass needle. If tiie needle sbews no deflexion, find the ratio 
of the moments of the magnets, and explain the principle of the experi- 

17. Two short bar magnets, the moments of which are lOS and 192 
reepectiTely, are placed along two lines drawn on the table at right angles 
to each other. Find the intensity of the magnetic field due to the two 
magnets at the point of int«rsectiou of the lines, the centres of the magnets 
beii^ respectively 30 and 40 cm. from this point. 

18. A magnet of moment 75 pointing E. and W. is placed 15 cm. due 
S. of a compass needle. What is the deflexion produced if the horizontal 
component of the earth's field is 0*25 ? 

19. AtKewff=018, and in Iceland /r=0-l2. If a magnet placed on 
a magnetometer produces a deflexion of 30° at Kew, what deflexion will it 
produce if placed in the same position in Iceland f 

20. Two magnets are placed in position "A" on the magnetometer 
and produce no deflexion. If their distances from the centre are 25 cm. 
and 35 cm., compare their momenta. 

21. A magnet of moment 250 is placed 75 cm. " end on " and due west 
of a small compass needle. A second magnet of moment 175 is placed due 
S. of this compass. How &r off must it 6e that the needle ma; not be 
deflected t 

22. Two small magnets of moment M form a T of which the horizontal 
arm lies B. and W. Find the force exerted on a pole of strength m placed 

at a distance d due south. 

23. Being given a ccmpass needle and a bar magnet, shew how yon 
would determine the moment of the magnet assuming /f to he 0'18. 

24. A small magnet is placed parallel to and due west of a compass 
needle one metre away from it, and the time of oscillation of the needle is 
decreased from 2'5 seconds to I'-^S seconds. What is the moment of the 
magnet 1 What difference would there have been if the magnet had been 
(1) reversed, (2) placed due S. 1 {H=li-2.) 

25. A magnet 2 cm. Icmg^ with poles of 20 co.s. units strength, is 
placed in a magnetic field of intensity 0*2 C.G.S. units, making an an^e of 
30° with the lines of force. Find the couple tending to turn it. 

26. What is the intensity of field at a point 12 cm. from the centre of 
a small magnet of moment 1 72'R, the point being in line with the axis of the 
magnet 1 If a compass oscillate 126 times in three minutes at this point, 
what would be its time of oscillation if it were brought up to a distmice 
of cm. ! 
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27. A short bar magnet is placed, at Gibraltar, perpendicular to the 

magnetic meridian, and "end on" towards a compass needle from which it 
ie distant 100 cm. When the experiment is repeated at Portsmouth the 
magnet has to be placed at a distance of 110 cm. from the compass to 
produce the same deflexion of the needlg. Compare the horizontal forces 
of the earUi's magnetism at Gibralbir and Portsmouth. 

28. In an experiment to Bnd M and H after the method of Art 172, 
a magnet of circular section (diameter=0'S cm), mass 2446 gnu., lenglli 
6 cm., placed " end on " to a compass, produced a deflection of 10° 58' when 
the centres were 23 cm, apart When freely suspended the period of 
complete oscillation was found to be 904 seconds. Find the moment of 
the magnet and the strength of the field. 



(''-((I-?)-! 



29. A hollow magnetised steel tnbe osciUates in the earth's field. 
{H^ '16). Its period is 18 seconds ; but when a rod of brass, the moment 
of inertia of which is 7000 gm. cm.', is inserted sjmimetricall; in the hollow, 
the period becomes 40 seconds. Find the magnetic moment and the 
moment of inertia of the magnet. 



DiclzedbyGoOgle 



CHAPTER XIX 

PERMEABILITY AND HYSTERESIS 

174. The maffnetlsing effect of solenoid. A piece 
of iroD placed in the centre of a helix of wire along which a 
current flows becomeB magnetised. We are going to find 
out how the magnetisation depends on the strength of the 
current ; whether the one is or is not proportional to the 
other. 

Take a glass tube — about 30 cm. long and ^ cm. diameter — 
and coil round it evenly a helix of insulated copper wire. 

Fix this with ite axis E. and W. in a horizontal position 
" end on " to a magnetometor (M). The helix is to be joined 
up to a battery through an ammeter (G) (or galvanometer), 
and a rheostat (R) ; the object of the latter is, of course, to 
enable us to vary the current as we wish. 




In addition to these tt will be well to insert in the circuit 
a small compensating coil. This is shewn at C. It must be 
of such a size and placed in such a position that ite effect on 
the compass needle of the magnetometer exactly neutralises 
the effect of the main helix (S) when any current passes 
through both of these in series, and there is no iron in either. 



DiclzedbyGoOgle 



B, H amd I 177 

Insert io iha tube a core of iroa A^UBt the rheostat to 
give a very Bmall current and notice the deflection {8) pro- 
duced. Increase the current gradutdly till the TnaTimnin ia 
reached. 

Be careful that the iron is not shaken in any way during 
the experiment 

Fill up a table 



Current 



tan^ 



Plot a curre to connect the first and last columns. 
We know from Art 164 that the force due to a small 
ma^et at a point on its axia is —r^ and that the deflection 

produced in a compass needle is given by the relation 

2M 

^ = Htan(?. 

a* 

Hence tan 6 ie proportional to the moment of the magnet 
and therefore to the intensity of its magnetisation. 

The curve plotted shews the relation between the magnetic 
force and the intensity of magnetisation. 

If a solenoid is very long in comparison with ita diameter 
it can be shewn that (H) the force on unit {>ole placed 
anywhere inside it is always the same and equal to Aimi 
where i is the current strength and n the number of turns 
per centimetre {v. Art 139), 

H= Anrni. 

Now if the helix surrounds a bar of iron it becomes 
necessary to imagine that some sort of hole is cut in the iron 
if we are to place a unit pole there ; suppose the iron cut 
straight across and the pole inserted in the narrow gap ao 
caused. Each piece is a magnet and it may be proved that 
if the intensity of magnetisation is I, then the magnetic force 
exerted at a point in the gap by the two together is 4»rL 
(C£ Art 221.) 

The total force on unit pole is therefore H + 4TrI, where 
H is the force that would be exerted were no iron present 

This force is called the magnetic induction. 
w. 12 
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The ratio of the intensity of magnetiaation (I) to the 
magnetic force (H) is called the magnetic mtseeptibUi^ and 
is usually denoted by k, 

Ab is easily seen from the curre plotted in fig. 149, 1 is 
not proportional to H, la, k is not a constant. 




Fig. 149. 

The ratio of the magnetic induction, usually deooted by 
B, to the magnetic force is wJled the jtermea^ity, /*; hence 
B H + 4irI H + 4TrAH , . , 

^ = H W^=^H~=^ + *-^^ 

It is only in iron that the magnetic susceptibility is great, in 
nickel and cobalt it is appreciable ; in most other substances 
it is negligibla Hence the permeability of all materials 
except iron, nickel and cobalt is very nearly one. 

175. Hyitereili. Use exactly the same core of iron 
and the same apparatus as in Art. 174. Be very careftil to see 
that the iron suffers no shock throughout the experiment 

Wben the current in the solenoid has reached ite maximum 
begin to decrease it gradually by increasing the resistance in 
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the rheostat Note the values of the current and the corre- 
sponding values of the deflection (ff). When the current has 
&UeD very low break the circuit, read the deflection and then 
reverse the batteiy connectiona. Let the current in the new 
direction be increased at first very gradually indeed and 
afterwards rather more rapidly until the maximum current is 
again reached. Then, as before, decrease this to the zero 
value and increase it again after a second reversal (Le. to the 
original direction) till it reaches the maximum again. The 
operation has now been carried through a complete cycle. 
Enter results in columns as before. 

The diagram shewn in fig. 160 is plotted from readings 
taken in this way, though the first rise, shewn in fig. 149, is 
omitted. Note the following points: 
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Perme€ibilUy and Hysteresis 



180 



(1) when the current is very enuJl and the iron not 
previoody tnagQetised the magnetisatlDii (which is propor- 
tional to tan^) increases nearly at the same rate as tbe 
cnrrent. This is shewn by the part OA of the curve, fig. 149. 

(2) as the current increases, the msgnetisaiion begins to 
increase very rapidly {A to B) and then 

(3) ceases to increase and becomes constant at C. In 
this state the iron is "saturated" (%. 150). 

(4) as the current decreases the magnetisation decreases 
also, but its value is always greater than that corresponding 
to the increaaing current 

(5) when the current is zero the iron is still magnetised 

(«. 

(6) when the current reverses, the iron at first is still 
magnetised in the old direction {E to F), but the intensity 
&lls rapidly, reverses at P and gradntdly reaches a value near 
the maximum at G. The complete cycle gives rise to a closed 
curve GDEFGLO. The "softer" the iron the less will be 
the area of this curve and the nearer the points F and L will 
be to 0. It can be shewn (Art 176) tliAt the area of this 
curve nearly represents the work done on the iron in carrying 
it through the magnetic cycla It is very important that for 
the iron used in the armature of an electric motor or dynamo 
this work should be small. C£ Art 134. 

The " lag^ng behind " of the magnetism relative to tliis 
magnetising force is called hysteresis. 

176. Work done In a magnetic cycle. Bappoee a bar 
AA' of soft iron is placed in a uniform mt^etic field of strength O: that 
originally it is at r^t angles to the 
lines of force but is tnmed about an 
aiia O at right angles both to it and 
to these lines till it has swept out a 
complete circle. At any time let 
AA' make an angle S with the initial 
position GC. The component of the 
field in the direction OA =Oeiad. 
This ifi the magnetising force, usually 
denoted b; H. If t is the snscepti- 
bilit;, B the volume of the iron, I the 
intensity of magnetisation and H 
the magnetic moment in this position, 
then 

I=£H-Klsm^, and 
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The couple acting on the magnetued iron due to the field O ia equal 
to HO cos (Art 165). Hence the work done in a rotation thnm^ 
a further angle d6 is MCI' cos 0ii6. 

Hence the tot&l work done in any finite displacement 



-[Maco8d>Jd=fi 



i)kaiaiiSaoosed0=fvkIldH 



•/■' 



/I'm; 
the int^ration being taken between the limits assigned. 

Now for a complete cycle / IdH, is represented by the area of a closed 
curve (cf. fig. 160). This area iJierefbre measures the work per unit TOlome 
in taking the iron through the cycle indicated. 

s is usually the case a B, H curve is plotted, the area enclosed 
represrate {"BdH. 



-|H(l+4«-*)dH-[HrfH+4«- r 



The first of the int^jrals is lero, if the cycle is complete, for the initial 
and final values of H are the same. 

Hence the B, H curve area represents 4tr times the work done in taking 
the unit volume of the iron through a complete circuit 

EXAMPLES 

1. From the following readings of B and H— both in gausses— plot a 
B, H curve. Calculate also the permeability for the different values and 
plot a B (abscissa), fi (ordinate) curve : 

H 1246 12 304060 120 

B-MO^ 14 4S 74 96 120 ISO 155 164 175 
(With a field of H-24,500 Ewing found B'=45,30a) 

2. A magnet 20 cm. x 2 cm. x '6 cm. and intensity 23 electromagnetic 
units lies on a table pointing N. and S. iu a place where the horisontal 
strength of the earth's field is '31 gauss. What work would have to be 
done to turn it E. and W. ? 

3. A soft iron rii^ has a mean radins of 10 cm., the iron being 1 cm. 
in diameter. Calculate the number of ampere turns required to give a 
magnetic finx through it equal to 4000 centimetre-gram-second unite, the 
permeability being taken as 2000 in the same units. 

4. A solenoid of 20 turns per cm., diameter '3 cm. and length 120 cm., 
carries a current of "2 ampere : what is (1) the flux, (2) the strength of 
field inside? 

5. Find the intensity of magnetisation of a core of iron placed In the 
solenoid of the previous question ; the iron being of the kind described in 
fig. 149. 

6. Fig. 150 is a B, H curve plotted to scale; both nntts are 
measured in ganssee. Find by measurement of the area enclosed the work 
done per nnit volume in taking the iron Uuongfa- the c(miplet« cycle. 
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CHAPTEK XX 

BLEMENTAET STATIC ELBCTBICITT 

177. Eleotiiflcation by Friction. Everybody knows 
that an ebonite pen or stick of sealing was nibbed on the 
eleeve has the power of picking up light objects. Such a 
body is said to be electrified. To electrify a glass rod diy it 
before the fire and rub on a dry warm silk handkerchief! 
Ebonite, dry paper, seahng wax, sulphur are easily electrified 
by rubbing with flannel. 

By suspending rods of ebonite or glass 1^ means of a 
paper stirrup threaded by a silk fibre, verily 

(1) two ebonite rods — rabbed as above— repel one 
another. 

(2) two glass rods repel. 

(3) an ebonite rod and glass rod attract each other. 

(4) either rod attracts rods of wood, brass, etc. but has 
little effect on an unelectrified rod of dry glass, or ebonite, or 
sealing wax. 

These experiments lead us to believe that there are two 
kinds of electrification : that the hke kinds repel oue another, 
the unlike attract one another and that either attracts to 
some extent bodies previously uncharged The two kinds 
are named positive or vitreous (e.g. glass rubbed on silk) and 
negative or resinous (e.g. ebonite rubbed on flannelX 

178. The Electroscope is a usefiil instnimeat for 
detecting small charges of electricity. In fig. 152, G, G are 
gold leaves which are hung from the Ih^ss rod AB. i* is a 
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Gold leaf Electroscope 183 

pli^ of wax or ebonite which supports and insulates like rod. 
J> is a metal plate. The outer case may coDTeniently be of 
glass, but should be lined with wide meshed gauze which can 
be connected to earth. Any charged body, held near the 
plate, causes the leaves to diverge. 




A 



\c::j^- 



Fig. 152, 

179. Electrostatic Induction. An unchai^ged con- 
ductor brought near to a chai^;ed body becomes ifseli 
electrified. Thus suppose a negatively chai^;ed ebonite rod 
B is held near an electroscope as in fig. 1 53 the latter becomes 
charged by induction, the near part (the plate) being positive, 
the far part (the leaves) being negative. It is the presence 
of the like (— ) charges on the leaves that causes the diver- 
gence. 

180. To charge an Electrovcope (a) by induction. 
As soon as the rod in the previous article is removed the 
leaves collapse, and the electroscope is without charge. To 
charge it touch the plate with the finger while the rod is in 
position : this causes the leaves to collapse. Next withdraw 
the finger. On the final withdrawal of the rod the leaves 
diverge again and the electroscope is left with a charge 
opposite to that of the rod. 

{b) hy amduction. Charge an ebonite rod and roll it op 
and down on the plate. The charge acquired is of the same 
kind as that of the rod. 
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181. To test the riffn of a ohorge. Give an electro- 
scope a small poeitive charge so that the leaves diverge a few 
degrees. The approach of a body having a positive charge 
causes ftirther divei^oce. This divei^ence is a snre test 
that the electroscope and the body are similarly charged. 
A body oppositely charged would cause the leaves to fell, but 
any imchm-ged body would produce the same effect Hence 
if the body under test does not cause further divergence, it is 
well to discharge the electroscope and chai^ it up again in 
the opposite way. 

183. Electrons. As yet we have no real evidence 
that electricity is an actual thing and not a mere state; 
years ago it used to be regarded not as material at all, but as 
a form of ener^gy something like heat ; for heat can pass from 
one body to another aod cause rise of temperature, and yet 
it is not a material substance. 

There is good reason to believe that electricity is not 
energy but is more like matter. The modem idea is that an 
atom of matter is built up of the two kinds of electricity, 
positive and n^;ativa Negative electricity exists in the 
atomic form : that is it is found only in charges which cannot 
be divided, created or destroyed. These charges are called 
electrons. They are identical in all kinds of matter ; their 
mass is about that of the thousandth of that of an atom of 
hydrogen. 

A current of electricity involves the passage of these 
electrons along the conductor. In electrolysis they pass irom 
kathode to anode in company with the ions, singly if the ion 
is monovalent, two together if it is divalent 

A negatively charged body is one which has more than its 
normal number of electrons; in a positively charged body 
some of the atoms have been deprived of their full comple- 
ment Thus when ebonite is rubbed on flannel there is a 
transfer of electrons from the flannel to the ebonite. 

A conductor is a body throi^h which electrons can pass 
with more or less freedom. In a non-conductor or insulator 
they cannot pass. Electrons repel one another : so do positive 
charges but electrons are attracted by positive charges. Hence 
bodies with like charges repel one another; with unlike they 
attract 
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These aesumptioDS help to "explain" electrification by 
induction ; for consider what takes place in the charging "^ 
an electroscope. When the ebonite (— ) rod is broi^ht near 
to the plate, ita Buiplus electrons which constitute its negative 
charge, repel the electrons in the rod and plate of the electro- 
scope and drive some of them away to the leaves. If the 
haud or an; other uncharged conductor is brought in contact 
with the electroscope, a way of escape is offered to the 
electrons and some of them will pass away altogether. The 
electroscope is thus left without ita normal supply of electrons, 
i.e. it is positively charged. When first the hand and then 
the rod are removed, the electrons remaining distribute 
themeelves afresh and the leaves diverge. 

On the other hand, if the original charge had been positive, 
it would have pulled over electrons from the hand into the 
plate, and the electroscope would have acquired a negative 
charga 

It is always the electrons which move : the positive charge 
does not separate from the atom, 

183. Charges produced by Motion are equal and 
opposite. Of course if the theory is sound, this result must 
follow. To test it, take a rod of ebonite, roll one end of it up 
in a piece of silk or flannel, and rub the rod round and round. 
Bring both near to an electroscope. The leaves will not be 
aflected. Now drop the flannel ofl' the rod into a metal case 
placed on the plate of an electroscope ; the leaves divei^e. 
Place the rod in as well ; the leav^ collapse again 

184. Proof-plane. It is not always convenient to 
bring a body up to an electroscope when we wish to find out 
how it is chai:ged. We can avoid the difficulty by using a 
small disc of metal held in an insulating handle. The disc 
after contact with the charged body is removed, but carries 
with it a small portion of the charge. This can be tested by 
an electroscopa 

185. I>lstributlon of Charge. The charge on a con- 
ductor is not distributed throughout it : it can exist only on 
the aurfiice. If the conductor is hollow and empty, no charge 
can exist on the interior snrfiice. Charge an insulated metal 
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veeseL Test the inside tmd outside sorfiicee by means of a 
proof-plane. 

Farada; used an insulated butterfly net made of conduct- 
ing gauze. He charged this but on tumiDg it inside cot he 
foimd that the charge was always on the outer snr&ce. 

186, Cavendlih Experiment. Perhaps the best ex- 
perimental demonstration that a charge always can only 
remain on the outside of a conductor is due to Henry 
CaTendish (1773); His apparatus, the ori^md sketch of which 
is giren in ^. 164, consisted of : 

(1) A globe G supported on a glass rod Ss. 

(2) Two hemispherical shells A, B which would fit to- 
gether to make a sphere capable of surroonding the globe G. 
Notches were cut in these shells so that the support Ss of the 
inner could pass through. 
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(3) A wire pushed through the ehell and conoectiDg the 
inside to the outaide. This was threaded with silk so that it 
could be withdrawn if desired. 

The hemispherical shells, made of pasteboard hned with 
foil, were supported on frameworks of wood to which they 
were attached by rods of glass Er, Mm, Nn, Pp. By an 
arrangement of strings and pulleys the hemispheres could be 
lowered down and made to dose over the globe ; or they 
could be withdrawn from it altogether. 

Cavendish after having electrified the hemispheres broke 
the connection between them and the interior globe by 
pulling out the wire. Then he instantly separated the two 
hemispheres, withdrew and discharged them. Finally he 
brought up an electroscope and tested the globe but found 
no signs of electrification. Even if the globe had been 
chai^d originally no charge could have remained on it after 
being surrounded by the two hemispheres and connected to 
them. The electroscope used was a pair of pith balls y hung 
by linen threads to a glass rod Tt on which was wrapped a 
piece of foil at x. A very important deduction from this 
result is given in Article 214.5 

187. Ice Pail Experiment. Place a light metal vessel 
on the plat« of an electroscope. Charge a metal ball sus- 
pended by a thread of silk and bring it up to and into the 
vessel, noticing the behaviour of the leaves as you do so. The 
nearer the ball gets the more the leaves diverge, but when 
the ball is once inside the vessel, the leaves are quite 
unaffected by any changes in its position. If the ball is 
withdrawn without having touched the vessel, the leaves will 
ML On the other hand, if the ball touches the vessel, 

(1) the leaves are quite unafTected by the act of contact, 

(2) they remain divergent when the ball is withdrawn, (3) the 
ball is completely discharged. Now immediately before 
contact, there are three charges to be considered; A, the 
charge on the ball which we will suppose negative ; this will 
produce a positive charge, B, on the inside, a n^ative 
charge, C, on the outside. The charge B must be equal to C ; 
they are the equal and opposite charges produced by in- 
duction. But by contact between ball and vessel, the ball 
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loses all Ite charge without produciDg any disturbance or 
rediatribution of the charge on the outdde, for the electro- 
scope 18 unaffected by the diacharge of the ball ; further the 
inside of the veBsel loses all its chaise. It follows that A 
most neutralise B exactly, C remaining unaltered : but B is 
equal to C so that all three charges muat be equal 

In other words, when the ball is brooght up into the 
Tassel carrying free electrons with it, it causes a displace- 
ment of the electrons in the material of the vessel ; producing 
an extra supply on the outside and a deficit od the inside. 
The extra supply on the outside is exactly equal to the free 
electrons on the ball: therefore the ball simply carries as 
many electrons to the interior of the vessel as its introduction 
causes to pass to the outside. 

188. Density. Take a conductor shaped like a pear. 
Insulate and charge it. By means of the proof-plane teat the 
electrification of different parta Bring the proof-plane into 
contact with the blunt end and then put it inside a metal . 
vessel on top of an electroscope ; notice carefiilly the diver- 
gence of the leaves. Now repeat, but touch the sharp end of 
the conductor. The greater divergence of the leaves indicates 
that the charge is more concentrated at the sharp end than 
at the blunt ; in other words, that the mv^faee densiiy of the 
electricity is greater there. Do another experiment which 
may seem to contradict the last Use the same apparatus 
but join the plate of the electroscope by a fine flexible wire 
to the proof-plane. Bring the plane into contact with the 
conductor and move it over the surfece from place to place. 
The leaves will diverge, but the divergence will be the same 
whatever be the part in contact with the plana Of course 
this result should be expected, for if any one point is metal- 
lically connected with the electroscope all other points are. 

189. Action of polnta. On a charged conductor the 
sur&ce density is greatest at the sharpest points. From any 
isolated char^^ body, electricity will escape in time and the 
rate at which it escapes is partly dependent on the sur&ce 
density. Sharp points therefore accelerate the discharge. 
There are several ways of illustrating thia If for instance a 
Wimshurst or other electrical machine is woi^ed in the dark 
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a luminous discharge may be Been taking place from epecka 
of dust or from the ends of wires connected to the knobs, and 
for this reason a machine must be 
kept clean if it is to work efficiently. 
In an extreme case the diecharge may 
carry air with it safficient to blow 
out a candle: or to make a mill 
(fig. 165) revolve. 

Charge a large brass ball Kow 
hold in your hand a pin pointing to '*' 

the ball and quite close to it Afterwards test the ball to see 
whether it has lost its charge. 

The action here is due to the chai^ induced on the pin 
point. The charge — opposite in sign to that on the ball — 
passes over from the pin and discharges the balL 

On the other hand an uncharged conductor fitted with 
a spike will acquire a charge if it is brought close up to 
a charged conductor. This explains the function of the 
collecting combs on a WimshursL 

190. Electrical machines. There are many forms of 
electrical machines. The oldest type is the frictional machine 
in which a revolving plate or cylinder of glass ia electrified 
1:^ Motion against a fixed rubber. The chai^ so produced 
was collected by a comb and led to a prime conductor. Such 
machines are not used now and wUl not be described. Among 
newer forms the Wimshuret ia perhaps the most important 
and ueefuL Volta's electrophorus, invented about 1775, is of 
interest and illustrate the principle of all influence machines. 

191. Volta'i EleotrophoruB consists of three parts. 
(a) the cake which is usually a flat disc of ebonite ; (b) the 
sole : this is a couducting plate on which the cake is fixed ; 
(e) the plate : a fiat conducting disc to which is fixed an 
insulating handle. 

To obtain charges, place the cake and plate on a table 
and electrify the cake by striking it with a catskin or cloth : 

(a) then place the plate on the cake, 

(b) comiect the plate to earth by touching with the finger, 
(e) remove the plate by the insulating handle, 

(d) discharge the plate. : 
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R^>eat a,b,e,dia order. 

After the cake lias been rubbed it becomes electrified: 
we will aesume negatively. The negative charge on the upper 
euriace induces a positive charge on the upper side of the 
sole : the corresponding negative passes to earth. When the 
plate is placed on the cake, it will be charged by induction, 
not by conduction for the cake is a non-conductor and tiie 
plate can only make real contact with it at two or three 
small spots where the suriaces are uneven. The lower side of 
the plate will be positive, the upper n^ative By contact 
with the finger, the negative charge escapes leaving the plate 
with a positive charge, nearly equal in uoount to the original 
negative on the cake. 

When the plate is removed, the positive spreads all over 
it and a spark can be obtain^ if the finger is brou^t near 
the edga 

By none of these changes has the original negative chaise 
in the cake been afiect^d : the operations may therefore be 
repeated as ofton as desired until the charge gradually leaks 
away. 

Fig. 156 shews the distributiou of charge after operations 
a, b, c The presence of the sole serves to reduce the 
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potential at points od the upper sur&ce of the cake (v. Art. 
202) and so tends to prevent the escape of the charge 
from it. 

193. The Wimshurst. In this mactiiue two circular glass 
plates are mounted and driTen ronnd in opposite directions 
on a fixed horizontal axle (fig. 157). Each plate carries a 
few metal sectors, $,8,8. nn' is a neutralising rod festened to 
the axle ; it is of metal and carries a wire brush on each 
end; the brushes touch the faces of the revolving sectors. 
There is a second neutralising rod on the other side, the 
brushes of which touch the sectors of the other plate. Its 
position is shewn b; the dotted line. The collecting combs 
are shewn at CC, fig. 158. Their spikes nearly touch the 
revolving sectors. 




Ki 
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Conaider the action of the front plate only. Suppose that 
behind this plate and close to the sector which the brush at 
n is tonchii^ ie placed a positive chaise. This will indace 
chaises on the rod uid sector, n^ative on the sector, positive 
on the rod. As the plates revolve the sector leaves this 
brush and passes on : the charge it carries cannot escape till 
it comes to the comb O'. Each sector will behave in the 
same way, giving O' a succession of negative charges, so that 
C will become negatively charged.- 

Now the sector «',having come &om n, is charged oegatively. 
It will influence the sector 8, (not shewn in figure) opposite 
to it on the other plate ; in the position shewn, s, is in contact 
with a neutralising brush, and therefore acquires a (+) charge. 
As the plate rotates it carries this charge behind n in the 
direction nC and delivers it to the collecting comb C Hence 
a succession of (+) charges passes to C from the back plate ; 
just as (-) charges pass to O' from the front plate. 

As soon as the machine is started, the presence of the 
initial (+) charge behind » becomes nnnecessary, for the 
(+) charges on the sectors of the back plate will supply its 
placa 

We have only described the actiou of the upper halves 
but the lower behave in exactly the same way. 

The collecting combs, monnted on insulating supports, 
are joined to adjustable discharging rods KK and balls BB. 

Usually the rods are connected to the inside coatings of a 
pair of Leyden jara (Art 201), the outsides of which can be 
joined t<^ether. When this is done the sparks are much 
loiter and sharper, though less frequent 

193. Eaay practical exercises. 

1. Test the sign of dry paper rubbed on the sleeve, the 
palm of hand, silk, sheet rubber. 

2. Electrify a brass rod held in an insulating handle and 
test the sign of the chai^ 

3. Hang a pith ball on a fibre of silk. Hold on one side 
of it a (— ) ebonite rod,- on the other a (+)glass rod. Observe 
and account for the motions. 

4. Hang two hollow brass balls in contact with one 
another by threads of silk. Bring a charged rod near. Then 
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separate the balls and remove .the rod Test the electrifica- 
tion of each. Then let the balls touch and again test. 

b. Hold a charged rod above a pith ball lying on the 
tabla Notice the behaviour of the balL In what respects is 
the behaviour altered if the ball is laid on a slab of wax 
instead of on the table? 

6. Conductors and Insulators. To find if a material is 
a conductor or an iuBulator charge an electroscope, hold the 
material in the hand and touch the electroscope with it A 
good conductor will discharge it instantly; with a good 
inBuIator there is no visible change; with a poor insulator 
the leaves will fall graduallj. Among good insulators are 
wax, dry glass, ebonite, resin, silk, china. Test these and also 
chalk, wood, cotton, wool, carbon, paper in its ordinary 
condition, well dried paper. Devise a method to test liquids 
and use it for water, paraffin. Oases under ordinary conditions 
are insulators : try however the effect of bringii^ a lighted 
match near the plate of a charged electroscope. 

EXAMPLES 

1. Two unequal brass balls, suspended by silk threads, are charged. 
By means of an electroscope only, hon would you find out whether the 
charges were alike or not ? Could yon find out if they were equal or not 1 

2. A pad of flannel is placed at the bottom of a metal vessel, which is 
insulated and connected by a wire with the cap of a gold leaf electroscope. 
One end of a long rod of sealing-wax is now mbbed against the flannel. 
What indications will the electroscope give (1) while the rubbing is going 
on, (2) when the sealing-wax is withdrawn ? 

3. A charged electrophonis is capable of -supplying an indefinitely 
large amount of electricity ; explain why the charge it can convey to an 
insulated sphere is practically limited. 

4 A charged electrophorus has energy. What is the source of this 
enei^? 

6. Can the leaves of an electroscope diverge when the knob is connected 
to earth, and if so how could the diveii:ence be prevented 1 

6. A thimble is chatted with electricity. How will the cha^e be 
distributed 1 

7. When two different substances are mbbed together electric charges 
are produced. Explain why the presence of these charges is not always 
apparent. 
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8. A and B are two neighbouring spberes suspended by ailk threads. 
A is charged with + electricity, and while it is charged B is touched with 
the finger. B is then left inBulated and A is touched ; what is the electric 
stale of A when the finger is removed from it ) 

9. Two condnctors A and B are insulated and placed near each other. 
A is strongly charged with positive electricity ; B is uncharged and has a 
point projectile from iL How will the chaige oi A he affected by the 

B of B; when tie point is turned (1) towards A, (2) from A ) 



10. If two equal raindrops, char^ with equal quantities of electricity 
of the same kind, were united int« one la^^ drop without losing any of 
their chai^, what would be the ratio of the surface densities of the charges 
before and after union ? 

XL In what circumstances is it possible to transfer the whole of the 
charge on a conductor to another insulated conductor? 

12. Two insulated metal vessels are placed one inside the other, {a) A 
positively charged brass ball is introduced into the inner, but not into 
contact i (6) the outer vessel is momentarily touched ; (c) the ball touches 
the inner vessel ) (of) the inner resael is touched. Describe the distribution, 
and changes in potential after the operations a,b,c,d. 

13. A tin can is placed on a block of wax. Another can is placed 
inside this and is insulated from it. (a) A positively chaiged brass ball 
is introduced into the inside without contact, (6) the two cans are then 
connected, (c) then disconnected, (d) the ball is removed, (e) the inner can 
b taken away from the outer. 

Shew, with sketches, how the various bodies will be charged afl^r each 
of the operations a,b,c,d,i. 

11. At what times in using an electrophorus b work done (a) by the 
operatic, (6) on the operator 1 
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CHAPTER XXI 

POTENTIAL AND CAPACITy 

1 94. Force diagram. By the electric force or intensity 
at a point is meant the force that would be acting on a unit 
positive charge placed at that point Take the case of a 
charged sphera At a great distance the force due to it on 
a unit positive charge would be very small : as the distance 
decreases, the force increases, being four times as much at 
half the distance. Fig. 1 59 is a diagram in which the height 
of the ordinate represents the force at a distance measured 
by the abscissa 

If the sphere is a conductor there can be no force inside : 
hence the gap ab in the curve. 




Fig. 1S9. 



196. Potential. Difference of potential has been fiilly 
dealt with in Current Electricity, but the actual potential 
at any point was seldom required. It was, however, referred 
to in Art 42. 

13—3 
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TTie potential at any point — either in ao insulator or in a 
condoctor—is measured by the work necessary t« laiDg a 
unit poffltive charge of electricity to that point from a place 
where the potential is zero : La from a very great distance or 
from the earth. In Static Electricity we speak usuaUy of 
"potential at a point" or "the potential of a conductor." 
We do this because the potential at all points on a conductor 
is the same— for if the points on a conductor were not at the 
same potential, a current would flow from one to the other as 
we already know by Ohm's Law. Bnt an insulator will not 
permit a current to flow so that the potential may vary from 
point to point. 




Fig. 160. 

Take a very simple case. Suppose a sphere holds a 
positive charge. At a great distance from the sphere, the 
force dne to its charge is small and therefore the work done 
in pushing a unit positive charge one centimetre nearer to the 
sphere is small : the potential therefore changes very slowly 
from point to point. On the other hand at places close to the 
sphere the force is great and the potential changes quickly. 
The diagram (fig. 160) illustrates this. The charge is sup- 
posed to be on the E^faere O. The ordinates represent the 
potentials of the points at their feet Thus the potential at 
P is represented by the ordinate PP" : and the difference in 
potential between the places P and Q is represented by the 
difference between the ordinates PP", Q(/^ 
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106. Potential due to equal unlike chargei. Let ub 

consider next how the potential varies from point to point 
along a straight line joining the centres of two spheres, one 
canying a positive charge, the other an equal negative. At 
distant places the force due to one chaise is almost counter- 
balanced by the force due to the other and theretore the 
work done in pushing up a charge from infinity to the point 
A (fig. 161) is very small : ia the potential at A is smalL 
Neither does it increase rapidly till we reach points close to 
the sphere. The potential is constant throughout the sphere 
and we therefore get a horizontal part BO in the graph. 




Fig. 161. 



Now at all points in the line joining the centres of the spheres 
the direction of the force on our imaginary unit charge is 
always from the plus to the minus, so that no work would 
have to be done to push it from ir to y ; on the contrary the 
electrical forces would themselves do work ; the potential 
therefore decreases and will fell to zero at O, the middle 
point We can see that the potential at O is necessarily 
zero, for if the unit charge were brought up from a great 
distance to along the line HO the attraction due to Y 
would always be counteracted by the repulsion due to X 
(the resultant of these equal forces being at right angles to 
SO), so that no work would be done at any point of the 
journey. 



DiclzedbyGoOgle 



198 



Potential and Capa^Uy 



(It is quite le^timate for 08 to choose the most convement 
way of approach to O : for the work done is quite independent 
of the particular path chosen.) 

The remainder of the graph is exactly similar, but below 
the line of centres for the potential is always negative on the 
left-hand side of O. 

The dotted curve above the line indicates the potential due 
to the presence of X and its charge : the dotted curve below 
the line is for Y. From the two the continuous line has 
been drawn. 

197. Potential due to two ipherei, one oncharffed. 
Another case is important: two spheres X and Y (fig. 162), 
near together, X carrying a positive charge, Y being uncharged 
but under the influence of i so that on the side near X, Y 




will have an induced n^ative charge, on the &ir side, an 
equal positive. The presence of Y will disturb the chai^ 
on X and will pull it over slightly to the side near F. 

Consider now the force that would act on a unit chai^ 
at A. It is due to three causes, (1) the plus chaise on X, 
(2) the minns charge on Y, (3) the plus charge on Y. 

Now the effect of X is rather leas than it would be were F 
not present, for on the whole the charge is more distant 

The n^iative charge on F is rather nearer than the 
positive and therefore the two together will produce a slight 
attraction on a positive charge at A. The total repulsion on 
a positive charge at A is then rather less than it would be 
were F absent 

As the force is less it will require less work to push a unit 
chai^ up to X. If then the dotted line shews what tiie 
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potential would be at different points were F abeeot, the 
curve shewing the actual potential will always be below it as 
indicated by the line PQ. The potential is constant through- 
out the conducting sphere X, so that we get the horizontal 
part of the graph, QR. 

Again at all points between X and' ¥ the electric force is 
from Xto Y, the potential must therefore lall continuously : 
this is shewn by the curve R8- 

To trace the remainder of the graph, think what would 
happen were a unit charge brought up from the other sida 

At B the force due to X ia greater than it would be were 
Fnot present; Y also on the whole exerts a small repulsion. 
The resultant force is therefore increased by the presence of 
Y : and the potential alsa 

We come then to the following conclusions : 

(1) The potential is everywhere positive. 

(2) The potential at all points on the side of X remote 
from 7 is decreased by the presence of Y. 

(3) At places on the B side of Y, the potential is raised 
by the presence of Y. 

(4) The nearer F is to X, the higher the potential of Y, 
the lower the potential of X. 

(5) If F instead of being insulated had been connected 
to earth its positive charge would have left it : its potential 
would be zero and that of X and all places in its neighbour- 
hood reduced 

198. Experiment! on potential. An electroscope is 
really an instrument to indicate differences of potential : its 
leaves diverge when its potential differs from that of its 
surroundings. If then the surrounding cage is earthed, the 
leaves diverge if the potential of leaves and knob is not zero : 
if the leaves are kept at zero potential, they can only diverge 
if the cage is brought to some other potential. The greater 
the potential difference between leaves and cage, the greater 
the divergence : but of course the one is not proportional to 
the other. 

Do the following experiments. 

(1) Bring an uncharged insulated brass ball near the 
knob of a positively charged electroscope. The leaves &11 as 
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the ball approaehea, and therefore their potential diminishes. 
This ehews experimentally that the approach of an unchai^^ 
conductor to a charged body lowers the potential of the latter. 

(2) Bring an uncharged electroscope up to a positively 
charged body ; or the body to the electroscope if more con- 
venient The increasing divergence of the leaves indicates 
that the potential of an uncharged body is increased by the 
presence of a positively charged body. These results merely 
illustrate (4) of Art 197. 

(3) Bring the hand — or any other uncharged uninsulated 
body close to the knob of a charged electroscope. The Ml is 
greater than in (1). This verifies (5) in Art 197- 

(4) Repeat the experiment of Art 188. 

Of course as soon as the electroscope is once connected to 
any part of the conductor the two come to the same potential 
which cannot be altei-ed by changing the position of the 
point of contact 

199. Capacl^. The capacity of a bottle can be 
measured by the number of grammes of water it will hold : 
but if water were compressible we could only make such a 
measure satisfactory if we stated the pressure The capacity 
of an oxygen cylinder is measured by the number of cubic 
feet at atmospheric pressure which can conveniently be 
compressed into it 

Now the amount of electricity that a body is capable of 
holding on its surlace is not definite: we define then the 
capacity of a body by dividing its charge at any time by its 
potential. The potential of a body is however dependent on 
its surroundings : if then we speak of the potential of a 
sphere we imagine that sphere to be far removed from all 
other bodies. The definition given assumes that the potential 
of a body is proportional to its charge ; otherwise the capacity 
would not be constant That this assumption is tme is 
obvious, for of course the force exerted by a body on a unit 
positive charge is proportional to its charge and therefore 
also the work necessary to bring the unit charge from infinity 
to the body. The capacity of any body is dependent on 
shape and size. 
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300. Experiment. Fix a sheet of foil on a rod of 
ebonite after the festuon of a roller blind, and join one of the 
free comers by a light wire or cotton thread to a small 
electroscope. When the foil is open give it a charga The 
leavcB of the electroscope diverge. Now roll the foil np on 
the rod: the leaves diverge further, indicating that the 
potential of electroscope and foil is rising and the capacity 




therefore falling. We expect this from the theory ; for let 
AB represent the open foil seen in section. Consider the 
force that would act on a unit charge at P ; the charge on the 
part near A would exert a repulsion directed along the line 
AP, and therefore the work done in pushing up the unit 
charge along the line PB to the foil would be less than if the 
foil and its charge were gathered up to £: for then the 
repulsion would he both direct and greater, 

201. Leyden Jar. A Dutchman, Musschenbroek, who 
lived in Leyden, tried to accumidate electricity in a bottle. 
He filled the bottle with water, corked it up and ran a wire 
through the cork to make contact with the water inside. 
Perhaps his idea was that he could lead the electricity in 
through the conducting wire to the water, but that the 
electricity could not escape again through the non-conducting 
glass of the bottla A friend, who assisted him, held the 
bottle in one hand, placed the wire near the knob of an 
electrical machine and so obtained a charge. Then, with the 
other hand he touched the wire. He got a shock which 
much surprised him. Musschenbroek also had a shock and 



DiclzedbyGoOgle 



202 



Potential and Capacity 



was 80 badly hurt that he said he would not take another for 
the kingdom of France, but this was probably the effect of a 
lively imagination for if you repeat the experiment you will 
prol^bly not get a shock big enough to be in any way 
unpleasant; at any rate it will do no harm. 

The essentials to this experiment were two conductors 
(the hand round the bottle and the water), separated by an 
insulator (the glass of the bottle). One of these conductors, 
the hand, was eari.h connected Any apparatus with these 
essentials is a Leyden jar, or, as it is often termed, a con- 
denser. Two boys, A and B, back to back but separated by 
a slab of wax or a sheet of dry glass will make a condenser if 
one of them, B, stands on an insulating stooL If B puts his 
hand quite close to the knob of a Wimshurst he will receive 
a series of sparks. If A and B then touch hands, a spark 
will pass between them and they will receive a mild shock. 
The theory of the condenser is simple and depends on work 
we have already done. 

QOQ. An Epiniu condenier consists simply of two 
metal plates ; one A fixed, the other B movabla These can 
be separated by a third plate C, made of glass or other 
insulator. For the present we wiU leave out plate C so that 
the two conductors which form the plates of the Leyden jar 
are separated by air. Both plates A, B are mounted on glass 
standards. Connect A to a small electroscope E, B to the 
earth. 




Let the two be separated as &r as possible : then give A 
a charge sufficient to make the leaves of B diverge. Bring 
B closer to A. The leaves will begin to collapse, shewing 
that the potential of A and E is decreased by the approach 
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of B. Give A a further charge till the leaves of E diverge 
as much as at first Again bring B closer and repeat the 
operation. It will be found that A can take a very large 
charge before B gets quite close to A. Yet if the divergence 
of the leaves of E remain the same as before, the potential of 
A and E must be the same as at first Hence the condenser 
produces the effect indicated by its name : it enables us to 
store a large charge of electricity without a high potential. 
In other words it has a large capacity. 

In this experiment there is of course a limit to the 
nearness of A and B\ if they are too close a spark will pass 
between them. There is also a limit to the charge that can 
be given to A. The chaise is always escaping somehow or 
other so that after a certain point it leaks as iast as it is 
supplied. 

Another way of looking at thg action of the condenser is 
this. Suppose B is insulated and brought close to A. The 
charge which A receives goes partly to the leaves of the 
electroscope and causes them to diverge. But B becomes 
charged by induction. If A'^ charge is positive, the near side 
of B is negative, the far side positive. Now touch B for a 
moment Its positive charge will pass away to earth : B will 
be left negative and will pull up the positive electricity on 
A and E nearer to itself : some of the positive will then leave 
the electroscope so that the leaves will collapse to some 
estent An additional charge will be shared by A and E as 
before, the leaves divei^ again and the iar side of B will get 
a new positive charge by induction. Touch B and the cycle 



a03. To make a Franklin plate. Take two pieces of 
tinfoil, and festen them by shellac varnish one to each side of 
a pane of glass. The foil should reach about an inch from 
each edge of the glass. 

Warm the plate, and cover the exposed part of the glass 
with shellaa 

Connect one of the coatings to earth, and char:ge the other 
either by a machine, or by repeated applications of the 
electrophorus. A shock can be obtained by touching both 
coatii^ at once. 
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304. Experiment! with a Leyden Jar. To chaise a 
jar, the outside should be connected with the earth, and the 
knoh which is usually joined by a chain to the inner coating 
should be placed near — but not quite in contact with — one of 
the knobs of a Wimshurst or other kind of electrical machine 

(1) Chaise a small jar slightly : touch the knob with the 
finger and you will get a quite perceptible shock. With a 
large jar fully charged the shock is painfiil and dangerous. 

(2) Let several boys join hands and make an unbroken 
line. One of the end boys holds the outer coating of a small 
charged jar. When the other end boy touches the knob a 
shock will pass along the whole lin& 

(3) Charge a jar fully: discharge it by means of the 
proper insulating discharging tongs. The spark will be lai^e 
enough to light a gas. 

(4) Charge a jar fully: then insulate it by placing on a 
slab of wax. If you now touch the coatings alternately — 
never both at the same time — you will get a large number of 
small shoclra. This is called the discharge by alternate 
contact 

S06. DUcharge by alternate contact. Suppose we 
had two circular conducting discs exactly alike, iar removed 
from one another. Let one of them. A, have a positive charge 
and the other, 1i, an equal negative charge. On neither would 
the charge be uniformly distributed; the density would be 
greatest at the edges, least at the centre ; but the distribution 
would be the same on both sides. 

But now suppose the plates are brought close together. 
The distribution will be much altered : on A the charge will 
pass mainly to the aide lacing S: only a little will be left on 
the other side. The potential of A will be much decreased 
by the presence of the negative chaige on B, but it will of 
course remain positive. The potential of B will be raised by 
the presence of the positive on A, but will still remain 
negative and equal numerically to tiiat of A. The potential 
of any point half-u'ay between the plates will be zero. 

Now suppose one of the plates, B say, is connected to 
earth. Its potential must rise to zero and n^;ative electricity 
pass from it to the earth. The potential of A will rise 
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slightly owing to the departure of this oegative charge in ite 
neighbourhood Now insulate B and earth A. The potential 
of A muBt fall to zero ; some of its chaise pasBes to earth. 
In B the potential fallB from zero to something negative, for 
a positive charge has left its neighbourhood Now insulate 
A and earth B, and so on. The charge which is taken from 
either plate gradually gets less and less: the potentials 
gradually approach zero : but the plates cannot be entirely 
discharged in this way by a finite number of contacts. 

306. Identity of itatlc and current elec^trlcity. 
The electricity called into evidence by rubbing ebonite on 
flannel is exactly the same thing as the electricity driven 
through a wire by a dynama But the first is usually met 
with in very small quantities at high i>otential, the latter in 
much bigger quantities at low potential. Indications of the 
identity of the two may be found from the following con- 
siderations : 

(1) Insulators in static electricity are non-conductors of 
current 

(2) If the voltage of current electricity is raised by 
means of a transformer (e.g. the induction coil) the ustiat 
effects produced by a Wimshurst can be obtained Thus 
vacuum tubes can be lighted, Leyden jars charged. X-rays 
excited either by a Wimshurst or a coiL 
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(3) Magnetic effects are not readily obtained from a 
Wimshuret It has however been shewn conclusively that a 
static chaise revolving in a circular path affects a compass 
needle at the centre. 

(4) A static chaise may be obtained from a celL To 
shew this a condensing electroscope is often employed. It 
consista of an ordinary electroscope fitted with a large disc in 
place of the usual small plate or knob. Over this plat« and 
insulated from it only by a film of Ornish is laid a second 
plata The two are connected for an instant one with the 
positive, the other with the n^ative pole of a cell. When 
the connections have been removed, the upper plate is raised. 
This causes the leaves to diverge and indicates that the 
electroscope has acquired a charge from the cell The reason 
of the divergence of the leaves is explained fiilly by Art 202. 

(5) Two gold leaves, huug side by side, insulated from 
one another but joined to the terminals of a battery of cells 
attract each other. 

S07. Condeniers. The capacity of a Leyden jar is 
rather small but it is possible to cl^rge a jar up to a very high 
potential before the charge begins to leak rapidly through the 
glass : if charged to too high a potential, however, the glass 
may be pierced. 

For many purposes a condenser of much greater capacity 
is required : ag., in telegraphy and in the primary of an 
induction coil : but the potentifd difference necessary will not 
be nearly so great Such a condenser can be formed of 
alternate layers of paper and tinfoil (v. flg. 88). 

308. ComparUon of condeniers. The most direct 
method of comparing condensers is perhaps by means of a 
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ballistic galvauometer. A diagram of the arrangement is 
shewn ID fig, 166. 

One terminal (T) of the con- 

denser is connected to the galva- L, ^-— — .- 

nometer (G), the other T' to one of rf ^' ^ ^ fi- 

the poles (Z) of a battery. Z, and _/ " x, 

the remainii^ pole (G) are con- Fig. 167. 

nected to the studs, a, b, of a two- 
way key or switch (fig. 167), the arm of which is joined up to 
the galvanometer. 

Now if K makes contact with a, both sides of the con- 
denser must be at the same potential as Z, but when K 
is switched over to 6, a current must flow along G to charge 
up the condenser until the potential difference between the 
plates is equal to that of the battery. To find the capacity 
of the condenser it is therefore necessary to know (1) the 
total quantity of electricity which passes through G, (2) the 
potential difiference between the poles of the battery. 

In practical work join up the apparatus as shewn using 
a single Daniell as a battery. Notice the position of the 
reflected spot of light on the scale. Then, when steady, 
switch the key over and so charge up the condenser. The 
light will move across the scale: the extreme position to 
which it moves must be noted. If it should happen that the 
" throw " is insufficient for accurate measurement, replace the 
single Daniell by a battery of two or more cells joined in 
series. 

The mirror will swing for some time : when it comes to 
rest again discharge the condenser through the galvanometer 
by joining up ff to a. The light will travel in the opposite 
direction. Note again, the extreme position. Take half the 
distance between these two extremes as the "throw." 

Now if you wish only to compare two condensers, replace 
the first by the second and repeat the operations, without 
. changing the battery. The capacities are nearly proportional 
to the " throws," for both condensers were charged ui> to the 
same potential difference (that of the battery), and the charges 
to do this were measured by the "throw" of the galvanometer. 

I^ on the other hand, you want the actual capacity you 
must know what charge produces a throw of one centimetre 
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OD the scale; alBO, the E.H.F. of the battery. The first can 
be found, either from the formula of Art 98, or by the 
experiment of Art 136. The second by any of tJie usual 
methods. 

The capacity measured in fa^-ads is then found b; dividing 
the chai^ id coulombs by the E.M.F. in volts. The result 
will be extremely smalL Multiply it by a million and the 
result is in microfa/radg. 

EXAMPLES 

L How would ;oa determine whether two (XHidenfiers are of eqiul 
capacity or not ? 

2. If one of the knobs of a Wimshuret machine be placed near an 
insulated conductor sparks pass between them when the machine is working ; 
after a time theee cease. Explain the reasons. 

3. A charged ball is suspended by a silk thread midway between two 
other fiied balls, the centres of all being in the same horizontal line. The 
fixed balls gradually receive charges. How will the suspended ball be 
affected? 

4. How can the potential of a conductor be alt«red without altering 
the charge on it ) 

5. What changes in the potential of the plat« of an electrophorus take 
place when it is used to charge a Leyden jar ! 

6. A charged bod; is held close to an iron mantelpiece. A proof plane 
is made to touch the part of the iron nearest the body and is then removed 
to a distance. What is now the state of the proof phwe as regards charge 
and potential ! 

7. Describe an experiment to prove that two parts of the same con- 
ductor may be differently electrified although they are at the same 
potential 

8. An insulated metal plate is charged to a certain potential Another 
equal and parallel insulated plate at zero potential is brought near the 
first, touched with the finger, and removed ; what changes take place in the 
potential of each plat« during the process ? 

9. A positively charged brass ball is suspended from a silk thread and 
brought near to an electroscope. How will the potential of (a) the electro- 
scope, (6) the hall change 1 

10. An electrified body is brought into the neighbourhood of (a) an 
insulated conductor, (6) an earth connected conductor. Describe exactly 
the effect on the potentials of the electrified body and of the unelectrified 
conductor in each case. 
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11. Suggest a practical method of finding out which of two bodies haa 
the greater capacit;. 

12. What ia meant by saying that the earth is at zero potential 1 

13. Two charges are placed at A and B. Shew how the potential 
chuiges at points in the line AB, qpd Jn AB produced in both directions, 
in the foUowing cases: 

(1) both charges positive and equal, 

(2) equal but opposite charges, 

(3) charge on .^=2 charge on B and both +, 

(4) charge on .4 =2 charge on B, but A + and B -. 

U. Explain, b; theory of potential, why charge must accumulate at 
points. 

19v Two eqnal insulated uncharged spheres, S and C, are placed on 
opposite sides of and at equal distances from a charged sphere A. What 
is the electrical state of B and of C, and what will happen if the part of B 
nearest to A ia connected by a fine wire with the part of C fiirthest from A J 

16. An electroscope is placed within an insulated metal jar, and ia 
insulated from it. The electroscope is connected with another electroscope 
at a distance. The jar is then charged with positive electricity. Describe 
and explain the indications of the electroscopes. 

17. A metal plate is placed on the top of an electroscope. A long 
watch-chain, charged with electricity, is supported at one end by a fibre of 
silk and gradually lowered on te the plate until it coils up in a heap upon 
it. Explain the behaviour of the electroscope. 

18. Draw a graph similar to fig. 162 for the case where Y is connected 
to earth. 
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309. IiluM of fbrce. In magnetism and curreDt 
electricity lines of magnetic force may easily be traced in a 
strong field by means of iron filings : no Buch simple method 
is available in static electricity for tracing lines of electric 
forca Yet since the law of the inverse square holds between 
charges as it does between poles, the lines of force must often 
be similar. There are these differences: in magnetism we 
cannot separate the North Pole very fiir from the South : in 
static electricity the positive electricity may be removed so 
fiu* from ite complementary negative as to be practicaUy 
isolated from it altogether. Again in static electricity the 
lines cut all conductors at right angles : they end at con- 
ductors and cannot exist in their interiors. With magnets 
the lines are seldom at right angles to the magnet foce : they 
form closed curves joining North to South through the body 
of the magnet as well as through the surrounding air. 

In electrostatics lines of force might be drawn by finding 
tangents at various points (Art 146): a laborious process. 
A much quicker way is given in Art 211, but even by that 
method the process takes much time. 

Look at figs. 168, 169. Suppose that at A and B equal 
charges are placed : the dotted curves shew the lines of force : 
the continuous lines are lines of equipotential (Art 211). 
Pig. 168 gives the left-hand portion of half the field when 
the equal charges at A and B are unlike, fig. 169 gives 
the ri^t-hand portion when they are alike. Compare these 
figures with the lines between like and unlike magnetic 
poles. 
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In these and all other figures note that the linee start out 
at ri^t angles to the conductors. 




Fig. 170. Here we have a positively charged ball placed 
near an uncharged conductor. Note that as many lines are 
drawn to leave the conductor as enter it 




Fig. 171. 

Fig. 171 shews the linee near the edges of the plates of 
a condenser. 

a 10. Tubes of force. Now in Chapter XIII we said 
it seemed as if the magnetic lines which linked two conductors 
acted like elastic bands drawing them together : but that the 
lines also repelled one another. If we imagine the electric 
line of force to have the same properties, we can account for 
the repulsion or attraction between charges under the inverse 
square law. We no longer have action at a distance : it is 
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action throughout a cootinuous medium. Consider how this 
hypothesis would account for the attraction and repulsion in 
the casee represented in figures 168 — 171- 

It is to Michael Faraday that we owe this conception. 
He r^;arded the space between charged bodies as filled with 
"tubes of force." These tubes were in tension along their 
length and under pressure at right angles to their length: 
that is to say they tended always to contract and to push one 
another apart Only in an insulator can they exist: in a 
conductor they collapse at once. 

To account for all the known laws of electricity we must 
define a tube of force more exactly. On any charged con- 
ductor take an area of such size that the chai^ on it is one 
positive unit : from points on the boundary of this area draw 
lines of force. Eventually these lines will end up on a second 
sur&ce and enclose there an area on which is unit negative 
chai^ge. The space then which is bounded along its length 
by lines of force and on its ends by unit charges, one positive, 
l^e other n^;ative, is a unit tube. 

The number of tubes therefore that leave any body 
measures the number of units of positive charge on that 
body : the number of tubes that end measures n^;ative chai^ 
In the case of any closed surface the number of tubes leaving 
it exceeds the number entering it by the number of units of 
charge enclosed. 

ill 1 . Equlpotentlal surfkce*, as the name implies, are 
aurfoces at all points of which the potential is the same. Any 
conductor has the same potential at all points ; hence the 
surface of a conductor is an equipotential surfiice. 

Now if the potential at ^ is the same as at a neighbouring 
point B, it follows that the electrical intensity in the direction 
AB is zero; otherwise work would be done against it in 
taking unit charge from A U} B. The electrical intensity 
must therefore be at right angles to AB. Hence the electric 
intensity is everywhere at right angles to any line drawn 
throu^ ^ to a neighbouring point at the same potential : in 
other words lines of force cut eqmpotential surfiices at right 
angles. 

Now it is sometimes easy to draw equipotential surfaces : 
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in such cases curves normal to those are lines of force. By 
way of illuBtration take the cases of charges of 2 and 1 placed 
at points A and B, 10 cm. apart The potential at any point 
due to a charge Q at a distance d is Q/d (Art 219)^ Hence 
if a point <? is 8 cm. from A and 12 from B, the potential at C 
must be I + ^ ; and the potential at any other point may be 
found in the same way. To get a series oF points all of ihc 
same potential, describe two seta of circles. In the figure 
illustrated, the first set of circles of which A is centre has 




Fig. 173, 

radii 2, -, ^, ...-r cm,, so that the potentials due to the 
charge at A at points on these circles are 1, "9, % ... ■!. The 
second set, centre B, has radii I, ^, — , ... -r, so that the 



' -9' -8' 



r 



potentials due to the charge at B at points on these circles are 
also 1, % -8, ... 1. 

If now we wish to trace the locus of points the potential 
of which is let us say '5, we find, (if they exist), the points of 
intersection of the circles marked 2 and "3 ; '3 and ■% eta 

The other points marked on this particular curve are 
obtained by finding the points of intersection of the circles of 
potential '35 and '16; '25 and '25, eta 

313. PropeHiei of linei of force. The following 
properties should be remembered: 

(1) They start from places positively electrified and end 
on places negatively electrified 
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(2) Two lilies of force caiioot cross. 

(3) They cannot exist in the interior of a conductor which 
contains no charged body. 

(4) Every line of force is a line of decreasing potential 

(5) A line cannot begin and end on the same conductor. 

(6) They meet Burfiicea of equipotential (and therefore 
all conductors) at right angles. 

(7) The lines inside a conductor are quite independent 
of tliose outside, and vice versa. 

313. Heaiurement of charge. The electroscope 
affords a rough means of comparing chargea Suppose a 
metal vessel is placed on the cap of an electroscope, and 
two equally charged bodies are introduced, they will produce 
a divergence in the leaves. Now if the two bodies are 
removed, and another charged body introduced which pro- 
duces the same divergence in the leaves as before, the chat^ 
on this body is twice as great as the charge on either of the 
first two. 

Unit charge. 

We say that a body has unit charge when it repels a body 
having an exactly similar charge with a force of one dyne, the 
bodies being one centimetre apart in va^mo. 

The chaise on any body can be measured by the force in 
dynes which it will exert on a body with unit charge at a 
distance of one centimetre. 

The electrostatic unit charge, defined in this way, is quit« 
diflerent from the coulomb. A direct comparison of the two 
is not readily made but the coulomb is roughly equal to about 
3 X 10* electrostatic units. 

The laws of force between charged bodies are as follow : 

(1) Similarly charged bodies repel each other. Dis- 
similarly charged bodies attract each other. 

(2) The force between two charged bodies in vacuo is 
measured by the product of their charges divided by the 
square of the distance between theuL 

The second law, the law of inverse squares, was tested by 
Coulomb on his Torsion Balance. A more rigid proof of it, 
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however, can be deduced from the fact that do charge will 
remain in the inside of a condnctor. 

314. Proof of the law of fbrce. Take any point O 
inside a charged conducting sphere. Through O draw any 
chord AOB. Now let a line POQ 
pass through O and revolve round 
the chord, bo as to cut out a small 
area round each of the points A and 
B. Call these areas a and b. 

If we assume the law of inverse 
squares, then the force on unit charge 

atOdueto thechai^on a= -jjjr 

and that due to the change on 

6 = -7t™ , o" being the surfoce density of the charga But, 

since the areas a and b are proportional to the squares of 

their distances from O, 

a _ b 

The forces due to the charges on the two parta a and b of 
the surface will therefore exactly counterbalance. 

The whole sur&ce of the sphere can be cut up into op- 
posing parts in this way. The charge on the sphere will thus 
exert no force on a charged body placed inside it 

Now suppose the law of inverse squares does not hold, and 
that the force falls off fester with the distance than it would 
under the law. The parts fe.r from O would have their 
influence decreased more than the parts near O. 

Draw through a plane perpendicular to the diameter 
through O, cutting the sphere into two parts, the cap and the 
base. Let the sphere be positively charged and a positive 
charge be placed at O. Then as shewn above, the push of 
the cap on the charge at is exactly equal to the push of the 
base if the law of inverse squares is true ; so that, o» our 
supposition, the push of the cap would be greater than the 
pu^ of the base, and the charge at would be driven to the 
centre and would not go to the outside of the sphere if 
connected with it This is contrary to the Cavendish ex- 
periment 
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If on tlie other hand we assume that the force fells off 
more slotdy than it would under the law of inverse squares, 
the base would get the advantage over the cap, with the 
result that a n^:ative charge would not go to the outside of 
the sphere. This again contradicts experiment 

The law of inverse squares must therefore hold. 



1. A charged ball is near a large earthed metal plat«. Dnw the liues 
of force and equipotontial suriaces. 

2. Draw the lines of force and the equipotential surfaces due to charges 
+2 and — I on spheres of radius one centimetre placed 10 cm. apart 



4. Draw the lines of force in the following cases : 

(a) two pontive equally charged spheres, 

(b) two equally chaiged spheres, one poeitive and one negative, 

(c) a parallel plate (wndenser. 

6. A small poeitirely charged sphere is placed near one end of a small 
insulated uncharged cylinder, and both are placed near the centoe of a 
lai^ spherical metallic shell connected with the earth. Describe in general 
terms the distribution of the charges on the bodies and sket«h the lines of 
force of the system. 

6. What will be the nature of the eqtiipot«ntial surfaces (I) due to a 
charged sphere, (2) between the plates of a large parallel plate condenser ? 

7. Describe the action of the electrophoros and draw diagrams to 
illustrate the changes in the field of electric force as (1) the plate is brought 
down on to the charged ebonite cake, (2) the plate is earthed, (3) the plate 
is removed by its insulating handle. 
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CHAPTER XXIII 

MATHEMATICS OF ELECTROSTATICS 

315. dauBS's Theorem. In current electricity (Art 
123) we defined the flux across an area, or the number of 
lines of force passing through it, as the product of the area 
and the normal inteDsity of the field; and we saw that it 
became necessary to attach 47r lines to each unit pole. In 
static electricity it is usual to Tary the method To each unit 
chaise we imagine one line or Faraday tube to be attached : 
these tubes cannot subdivide and can only end on unit 
negative charges : as a consequence it follows from ai^fuments 
exactly similar to those in Art 123, that the number of 
Faraday tubes which cross an area is to be measured by the 
product of the normal intensity and the area divided by 4ir. 
That these two definitions are consistent in the case of a 
sphere surrounding a charge at the centre is readily under- 
stood; that it is true always was shewn by Ciauss and the 
result is known as Gauss's Theorem. The usual foim of 
statement is that the total normal induction over any closed 
surface is equal to 4ir times the total interior charge ; the 
tota] normal induction being defined as jNdB taken over the 
whole surface where N is the outward normal intensity at an 
element (fiS of surfiice. 

Some important consequences follow readily. 

316. Force due to charge on a sphere. Suppose a 
charge Q is uniformly distributed over a spherical conducting 
surfitce. AH its Q tubes must by symmetry be radial Imagine 
a concentric spherical surface, radius r, to surround this: 
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every tube muat cut this oonnally and the intensity must 
everywhere on the sur&ce be the eame ; but 

intenBity x area -i- 47r =s number of tubes ; 
hence intensity = 47r x Q -=- Aiti^ = Qlr". 

In other words the force due to a uniformly charged 
sphere at any outside point is the same as if the charge were 
concentrated at the centre. (See also Art 220 for alternative 
proof.) 

317. Infinite plane. Consider a plane of infinite 
extent uniformly charged with suriace density o-. Consider 
the force at a point P. Take a 
point P" directly opposite to P. 
Round PP as axis imagine a little 
cylinder to be described of cross 
section a. This must enclose a 
charge cur and the atr tubes of force 
attached must be normal to the 
sorfoce, half passing normally each 
end of the cylinder. 

Hence intensity at P x area -7-4ir^^ atr, 
i.e. intensity = Qtrtr. 

Hence the force due to a charged plane of infinite extent 
is Sva- at all points, independent of distance. (See also 
Art 221.) 

ai8. Force outside a conductor. Suppose P is a 
point just outside the sur&ce of a conductor and that the 
surface density near P is <t. Take 
any point P' in the material of the 
conductor just opposite to P and 
regard PP as the axis of a short 
cylinder of cross section a. 

Now (1) the Faraday tubes near 
P are normal to the surface, for lines 
of force must cut conductors at right 
an^es, (2) no lines or tubes of force 
can exist in the interior of a conductor. Hence the (w tubes 
attached to the area a on the surface enclosed by the cylinder 



Fig. 17*. 




Fig. 176. 
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must all pass out normally through the end of tlie cylinder 
at P 90 that 

intensity at P x area a -i- 4ir = ao-, 
ie. the intensity = 4Trtr. 
This intensity is not due to the charge on the eondiietor 
only ; it is due to that charge and to every other charge in 
existence. The force due to a plane of infinite extent is 2'7rtr, 
but such a chaise cannot exist without the corresponding 
opposite charge, the intensity due to which must also be 2w<r. 
(See also Art 222.) 

a 10. The potential at a point due to a charge e at a 
distance d is ^ 




Fig. 176. 

Let P be any point in the path along which a unit ehai^ 

is brought up from infinity to a point, distance d from a 

charge e situated at O. Let ^ be a point close to P on this 

path. Denote OP by r, OQ^yJ r + dr; the work done by 

the electrical force in pushing a unit charge from P to 

Q = force X distance moved in direction of the force 

exl . 
= ^^xdr. 

Therefore total work in pushing a unit charge from A to 
an infinite distance 



=/: 



=[-c 
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Therefore work done a^inst the electrical force in bringing 



From this it follows that the potential at any point due to 
any number of different charges e,, e^, e^, ... -at distances 
dj, di, d,, ... is 

£i+^ + ^ + 
di da d, 

330. Charged Sphere. At any external point the potential 
due to a uniformly cltai^ed sphere ia tlie same as if all the charge were 
concentrated at the centre. Let <r be the aur&ce density ; we are going to 
find the potential at an external point O. 

Let P be a point on the sphere, OCP^e, OCQ=6\d6. 
If the figure revolves about the line OC, the element PQ will describe 
an anulus: the area of this=breadthx circumference 

= /•© X 2ira sin fl, if (t=radius of sphere, 
->afMx2jrasinA 




Therefore potential at due to the charge on this ring 
charge 
distance 

° OP 

= 2iraV sin 6 dOjry if OP=r. 
But 0P^=0C''-\-CP^-20C.CPc<xe, 

r^=P+a^-2al(ioa0, if OC-l. 
Difierentiate this with respect to $, and we get 
2rdr=2(U^n6de, 
. sin edS ^dr 

Hence potential due t« ring 
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potential at doe to BphM« — o- I — j-dr 

J OA » 



_ total ch&rge 

~ diat&Dce from centre ' 

Since at any point oatside a uniformly charged gpbere tfae potenttal 
u the same a« if the cfaaige were concentrated at the centre, it foUowe that 
the force ateo muHt be the same: for the inagnitade of tiie force ma^ 
always be fonnd b; differentiating the potential 

Hence the force outside a miifonnlf charged sphere 
= total charge/(distance from centre)*. 

Now we know that there ia no force inside a nnifonnly charged sphere : 
no work can then be done in moTing a unit charge about inside such and 
the potential must be constant. 

The potential then of a uniformly charged sphere is constant at all 
points and equal to Uie surface value, ie, to ~7^ . 

Tbe capacity of a sphere is its charge divided by it« potential : from 
this it follows that the ctqwcity of a sphere is measured by its radius. 

33 1 . Infinite Plane. The force at any point due to a chaiged 
plane of infinite extent is Zwa, 

Let O be the point ; Off the perpen- 
dicular from on the infinite plane. 

Let OP be a radius vector from to 
tbe plane making an angle 6 with ON. 
Let Q be a point in NP near P so that 
POQ^de. 

Let the figure revolre roiuid Olf as 
axis: tbe line NPQ will sweep out 
the infinite plane, PQ a ring of area 
iwNP.PQ. 

Eadi element of this ring eierts a 
force at O : the resoltant must be in tbe 
direction NO and its magnitude the sum 
of the resolved parts of the forces due 
to each element. 




Fig. 178. 



hence the force due to ring 
and tbe force due to plane 



PQ=d{NP)=Kse<^ed6, 
OP =h wee 6, 

^Sn-ir.t^sin^cM, 

— \ 2.iiama6d$M'2anr. 
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aaa. The intensity of the field jnst outiide any 
conductor is inv. Soppoee O is an; point just outside a condnctor. 
The sui-fece density near O is o-. Consider a portion of the surface near : 
compared with the rest of the conductor, this portion is to be small, bat 
compared with the distance of O irom it, it is to be great. This is evidently 
{Mssible, for there is no limit to the closeneas at to the surface. Seen 
from O then this portion wilt appear infinite in extent By Art, 217 
we know that it will give rise to an intensity of 2wtr at 0. 

Now the resultant field at is due to 

(1) the force due to this area: call it F 

(2) the force due to other charges : call it F". 
Now consider a point (7, opposite to O and 

just inside the surface. ' Fig. 179. 

The resultant field at ff is zero, for there 
can be no force in the interior of a conductor; but this lero resultant is 

(1) the force due to the area: this must be 2)rff inwards (-■ -F)t 

(2) the force due to the other charges, and this must be equal to F", 
for O, (X are quite close together. 

Hence Fond F' must be equal and opposite. 

The resultant field at must therefore be of magnitude 2F, or iair. 
It is normal to the surfece. 

aaa. The capacity of a plane condenser. We shall 

suppose that the plates are separated by air and are so close 
together that seen from a point between them they may be 
regarded as infinite. 

If the density of the charge on one sur&ce is a, that on 
the other is - »r. By Art. 221 or 217 the force at any point 
between due to either plate is 2ir<r: the resultant is 4tra. 
Hence the work done in carrying a unit charge across the gap 
is iirtrt, where t is the distance between the plates ; this ia 
the potential difference between them. 

The capacity of an area A 

charge on area _ Ao- A 
"~ potential difference ~ ivat " i-n-t ' 

334- Mechanical force on the plates of a coDdenser. 

From Art 217 it follows that tlie force on unit charge on 
one plate due to the charge on the other is 2irrr ; but the total 
charge on either plate is o-A : therefore the total force on one 
plate due to the other is ^irtr . <rA. 
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Denoting this by F, and the potential difference by V, we 



V = 47rff*, 
whence F = AV'/SttP. 

335. Energy. To find the work necessary to charge a 
Bystem of bodies. 

Take the case of any conductor isolated from other bodiea 
Imagine it receives its charge gradually by a succession of 
small instalments. To bring up the first instalment from 
infinity needs no work for there is no charge to repel it : but 
to bring up any other, work will have to be done against the 
repulsion of the charge already supplied. 

Let the final chaise be Q, the final potential V. Then if 
at any time during the process the charge is kQ the potential 
must then be kV ; k being a fraction, less than unity. 

Let the charge be increased fix)m kQU>(k + dk) Q by the 
addition of the charge dk . Q. The work necessary to bring 
unit charge fi-om infinity to the body is the potential, Le, iV; 
the work necessary to bring up d£ . Q is therefore WV .dk.Q. 
Hence the total work in increasing the charge from to Q 

must be |'*rf/:QV, i.e. iQV. 

If there are several conductors in the field the same 
argument holds, if we assume that the charges are all received 
gradually at the same rate. Hence the enei^ of a set of 
conductors at potentials Vi, Vj, ... with charges Q„ Q„ ... is 
iQ.V,+iQ,V,-H.... 

The energy of a sphere of charge Q and radius a is J-Q'/o. 

336. Electrometer. The experiments described in 
Current Electricity and Magnetism have been largely quanti- 
tative ; but no exact measurements have been taken in the 
section on Static Electricity. We have talked about unit 
charges and unit differences in potential and have not troubled 
to find out whether the measure of these things in the case of 
a piece of rubbed sealing wax is in thousandths or in milliooa 
The matter is not of much impoi-tance to us : still we shall 
describe one method of obtaining fairly exact numerical 
residts. 
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Fig. 180 is a di^rammatic sketch of an attracted disc 
electrometer. It conaiats of a condeoBer made up of two 
horizontal metal plates: only the edges of these are seen at 
AB and CD. The lower plate is fixed. The upper plate is 
cut into two parte : — aa outside "guard ring" and an inside 
disc E, though the two are joined up together by a flexible 
wire w. 



c. D 



Fig. 180. 

The disc E is supported from one beam of a balance so 
that the attraction between it and the plate AB can be 
measured when the condenaer is charged 

Let UB Buppoee that o- ia the surface density and t the 
distance between the plates; tiien (Art. 223) the electric 
inteuBity between the plates is 47rrr and the potential differ- 
ence (V) is Arrrat 

Also the attraction between one plate and unit charge ou 
the other is 2w<t (ct Art. 224): if then A is the area of the 
upper plate, the attraction (F) between it and the lower plate 
will be 2w(r X Aff. 

From the equations 

F = 27rff*A, 

eliminate a- and we get 

/SttF^ 



vV^ 



Hence the potential difference may be found in electro- 
static units by measurements of force, distance and area. 

A word must be added on the function of the guard ring. 
The formulae above were calculated on the assumption 
that the planes were infinite and that the field between the 
plates was uniform. Actually plates hare edges and the lines 
of force near the edges have been shewn in fig. 171. But in 
any case the centre of the field between two plates is uniform 
and by use of the guard ring we cut off the edges and so 
avoid their disturbing effects. 

w. 16 



DiclzedbyGoOgle 



226 Mathematics of Electroatatica 

337. Spheret. The following results for charged con- 
ducting spheres must be remembered. 

(1) At any point outside a charged sphere, the force 
exerted on another charge is the same as it would be if the 
total charge on the sphere were concentrated at the centre- 
Hence, 

(2) At any point on the aur&ce of, or outside a sphere, 
the potential is the same as if the charge were concentrated 
at the centre. 

"(3) There is no force at any point inside a charged sphere, 
due to the charge on the sphere Hence, 

(4) The potential at any point inside is conatant, aiid 
equal to the value on the surface (2). 

The potential of an inaulated sphere is thus equal to the 
charge divided by the radius. 

(6) The capacity of a sphere is measured by the radius. 

338. Capacity of a ipherlcal condenwr. Let a, h 
be the radii of the spheres A, B. Let a charge Q be given 
to ^ : it will induce a charge 
- Q on the inner surface of B. 
If B is earthed it can have 
no charge on the outside and 
its potential must be zero. 
The potential of A due to the 
charge Q on itself = Q/a, and 
the potential of A due to the 
charge — Q on S = — Q/6. 

Hence potential of A 

.all -I]. 

\a hi Fig. 161. 

Divide the charge by this 

and we get for the capacity the expression t • 

If we imagine both nwiii to become very large while the 
thickness remains small and equal to t, we find that the 

capacity per unit area of a plane surface is -r~f (See also 
Art 223.) 
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EXAMPLES 

1. At what distance apart must two charges of 20 and 49 be placed to 
attract each other with a force of 45 dynes 1 

2. The repulsion between two equal charges placed 10 em. apart 
IS equal to the weight of 1 grm. What is the chwge f 

3. The force between two charges, one of which is double the other, is 
30 djnes. If the distance between them is 8 em., what is the amount of 
each charge 'I 

4. Two equally chai^ged spheres repel each other when their centres 
are h^f a metre apart with a force equal to the weight of milligrams. 
What is the charge on each, in electrosbitic units 1 

5. Three equal cliai^res (16 units) are situated at the comers of an 
equilateral triangle (length of side=8cm.). Find the resultant force on 
each, and the intensity at the centra 

6. Two charges of 4 and 9 unite are placed 5 cm. apart Find the 
intensity of the field at points in the line joining them 2 and 3 cm. away 
from the smaller charge. 

7. An electrified metal ball is introduced into a dry glass tube closed 
at one end, and then, the tube being held in the hand, is brought near to 
the cap of the electroscope. What will the effect on the electroscope be if 
the exterior of the tube (1) is, (2) is not, coTered with tinfoil ? 

8. Two small similar insulated balls, six inches apart, carry charges 
+3 and -7 respectively: they are brought in contact with one another, 
and then removed four inches apart ; compare the forces between them 
before and after these changes. 

9. Plot a curve to shew the decrease in force between two charges with 
n distance. 



10. Two unit chaiyea are at .^ and B. What force will be exerted on 
a unit charge placed (1) midway between them, (2) at a point C, ABC being 
an eqnilateral triangle, if AB^5 cm. f 

11. Three Leyden jars of capacities Ci, Cj, C, are arranged in cascade, 
i.e. with the inner coating of one connected to the outer of the next Find 
the capacity of the arrangement when the inner coating of the first is 
charged and the outer coating of the last is put to earth. Would such an 
arrangement be of any practical use ? 

12. What is meant by charging Leyden jars in cascade ) Three Leyden 
jars whose capacities are ^, I, 1 J are arranged in cascade. What is the 
capacity of the combination 1 

13. A conducting sphere, of diameter 6, is electrified with 105 unite: 
it is then enclosed concentrically within an insulated and unelectrified 
hollow conducting sphere formed of two hemiq)hereB, of thickness ^ and 
internal diameter 7. The outer sphere is ^en put to eartiL Determine 
the potential of Uie inner sphere before and aAer the outer sphere is earth- 
connected. 

15—2 
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11 Spheres A and B of radii 4 and 2 cm. have charges of 16 uniu 
each. What will be (1) their potentiaJa, (2) their densitiea, (3) ttidr 
capacities 1 If thej are joined by a long thin wire, what will be (1) their 
total chai^^ (3) their potentials, (3) their densities ? 

15. Within a spherical vessel of brass I cm. thick, the external diameter 
of which i8 14 cm., a brass bail 8 cm. in diameter is hung bj a silk thread 
BO that the centres of the two spheres coincide. I f the ball is charged with 
36 rniits of positive electricity, and if the potential of the vessel is 7, what 
is the potential of the ball 1 

18. If 100 ergs must be done in order to move a diarge of 4 units irom 
a place where the potential is — 10 to another place where the potential is 
V, what is the value of V 1 

17. Charges of 1, 2, 3 are placed at the corners of ABC, an equilateral 
triangle (side— 8 cm.); find the potential at the centre. If the charge at C 
were — 3, what would the potential at the centre be ? 

18. Two insulated and widely separated metallic spheres receive 
charges of positive electricity which raise their potentials to 4 and 5 
respectively. The densities of the charges being in the ratio 4 1 9, compare 
the radii of the balls. 

19. Find the work done in charging a sphere of 10 cm. radius with 
50 unite. 

W. The capacity of a conductor is 20 c.o.s. units. What must be its 
charge in order that its energy may be 1000 eigs ? 

21. An insulated charged a^ere, 3 in. in radius, is joined bj a long 
wire to another 6 in. in radius ; what is the relation between the euero'y of 
the charged sphere before and after connecting ? 

22. The potential of a sphere is 30 miits, and its energy 80 ergs. 
What is (1) its charge, (2) its capacity, (3) its surface density ? 

23. How much energy is expended in carrying a charge of 60 units of 
electricity from a place where the potential is 20 te another where it is 30 ? 

24. An insulated uncharged metal sphere is placed at a certain distance 
from another precisely similar but charged sphere. If the two spheres be 
connected by a fine wire, will (1} the quantity of electricity which pitases, 
(3) the cnei^ of the discharge, be affected by the distance between the 
spheres at the moment when the discharge takes place ? 

25. If the area of the surface of the attracted disc in a guard ring 
electrometer be 88 sq. cm., the attraction between the discs 2016 dynes, 
when the distance between them is 3 cm., find the difference of potential 

26. How would you use an electrometer te compare the rilf.'s of 
two cells ? 

27. An insulated metal plate, 10 cms. in diameter, is chained with 
electricity and supported horizontally at a distance of 1 millimetre below a 
ramilar plate suspended from a balance and connected to earth. If the 
attraction is balanced by the weight of one decigram, find the chaige on 
the^l«. 
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28. What toss of electrical energy occurs when a charged sphere 
shares its charge nith another of the same radius ? What becomes of this 
energy 1 Under what circumstances is the loss a maximum ? 

29. Find the electric intensity at a point due to a long cylinder 
uniformly charged. 

30. Find the capacity per unit length of a cylindrical condenser. 

31. Two spheres— radii r and 2r— widely separated are charged up to 

have surface densities of o- and - <r. Find the loss in energy when the two 
are joined up by a wire. 

32. What K the capacity of a sphere radius 10 cm. which surrounds a 
concentric earthed sphere of radius 5 cm. ) 

33. Shew that the sectional area of a Faraday tube is inversely pro- 
portional to the intensity. 

34. A spherical condenser is discharged by alternate contact. Prove 
that the charges decrease in geometrical progression. 

35. Two spheres each of radius a carrying a positive charge « are a 
great distance d apart Find the potential of each and the enei^ of the 
system. If the distance between them is halved, what would be the gain in 
energy ? 

36. If the electric potential over a oertain region of the earth's sur&ce 
increases with height at the rate of 100 volts for each metre above the 
surface, what is the charge per square centimetre of the ground t 

37. How would you test whether two charges were, or were not, exactly 
equal ? 

38. A ball radius a is surrounded by a concentric spherical shell, 
internal radius b, external radius c. The inner ball has a chai^ q but is 
at zero potontid; find the charges on the surfaces of the shell and the 
potential 

39. Two equal spheres, A and B, carry charges Q and — Q. They are 
widely separated. A third equal unchained sphere G makes contact first 
with A, then with B and then with A again. Find the chai^^ left on A 
and B. 

40. IVo very small spheres, each of mass 01 gm., suspended by equal 
light insulating threads are charged with 3 and 4 electrostatic units of 
positive electricity and are found to hang 2 cm. apart. Find the length of 
the suspending threads. 

41. Shew that a conductor which has a charge of surface density "- is 
subject to a mechanical force of 2n'<r^ on each unit area of the sur&ce. 
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CHAPTER XXIV 

8PBCIFIC DJDUCnVB CAPACITY 

338. The dielectric. Ad electrified ebonite rod exerts 
a put] on a pith ball near to it Is there anything to connect 
the ball to the rod ? A horae can pull a cart but Uien there 
are traces to connect the two. Are there any traces to 
connect the rod and the ball ? 

Or take Newton's example of the earth and the apple. 
There is a mutual attraction. Ho one knows how the two are 
connected, but Newton held it inconceivable that there was 
no connection between them. 

Let UB do a few simple experiments : 

(1) Hold an electrified rod over an electroscope : can 
you cut off or modify the action between them by separating 
them with (a) iosu^tors such as dry paper, sheet ebonite, 
(b) conductors such as a sheet of brass. 

(2) Take a Leyden jar the coatings of which cau be 
removed. Charge it up and let it stand. Then remove the 
coatings and conuect them together. You may get a small 
epark. Now put them back and discharge the jar in the 
usual way. You will get a much larger spark. 

The experiment indicates that the seat of the electrical 
energy ia not in the conductors but in the medium separating 
them. 

(3) Turn back to the Epinus condenser. Connect <me 
plate to earth and the other to an electroscope. Give the 
latter a charge. Sow insert between the plates a slab of wax 
or sheet of dry glass, or ebonite, being careful that these are 
not charged. (Ebonite may be discharged if necessary by 
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[ it quickly through a flame.) The fell of the leareB 
indicates that the poteot^l difference is decreased and there- 
fore the capacity of the condenser increased. 

In wireless tel^iraphy, the message ia sent by means of 
the electrical disturbance caused by the sparking between two 
balls. Just before the apark passes the medium between and 
around the balls would appear to be in a strained state. 
The release of the strain by the passage of the spark produces 
a throb which travels outward through the medium and is 
detected by the receiver. 

aao. Faraday's experiment. The last experiment 
shews us that the potential difference (and therefore the 
capacity) of a condenser depends to a large extent on the 
nature of the dielectric between the plates. 

Faraday took two spherical condensers which were made 
exactly alike, but the dielectric in one was air while that of 
the other was shellac. After connecting the two insidea 
together and the two outsides to earth, he charged the former 
and then removed the connection. The potentials of the two 
insides would thus be the same, and also that of the outsides 
(zero). The difference of potential between the two coatings 
would therefore be the same in each condenser. He then 
removed the outside spheres (each made up of two hemi- 
spheres) and tested the charge of the inner sphere. He 
found that the charge on the one from the shellac condenser 
was about double that of the other. Since the condensers 
were similar, and there was initially the same potential 
difference between their coatings, it followed that the capacity 
of the shellac condenser was about double that of the air 
condenser. 

When he used petroleum instead of shellac, he found the 
capacity three times that of the other. Various other numbers 
were obtained by using different substances. These numbers 
measure what is called the specific inductive capacity of the 
dielectric, that of air being taken aa unity. 

The 8.LC. of hydrogen is slightly less than that of air. 
In glass the s. L a is about 7, alcohol 25 and water 80. 

With this new knowledge of the dielectric constant some 
of our reeulta require a little revision. 
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Faraday's experiment shews that the force in a medinin, 

the S.LC. of which isi, ia t times the force there would be in 

Tacuo or ain 

The force between two charges e, e' at a distance d is 

given by the formula F = t^ . 

Potential at a point, V= ^. 

The energy formula remains unaltered, Art 225. 

Capacity, kKjiirt, Art. 223. 

We shall not consider the cases in which the medium is 
not homogeneous : but shall merely state that the capacity 
of a condenser, the dielectric in which is partly air and partly 
of material the S.LC. of which ia h, is the same as it would be 

were the material replaced by air of ^ times the thickness. 

The mechanical pull between two plates with fixed charges is 
unaltered by the presence of a slab of dielectric such as wax ; 
provided that the wax does not fill the whole space. If it 
does fill the whole, the pull is y times the air value 

It is important to remember that inductive capacity — or, 
as it is sometimes called, Dielectric Constant — is not a mere 
number. We say that the specific gravity of lead ia 11 ; but 
if we apeak of its density we must say 11 grm. per ac. If we 
say that the S.LC. of wax is 3, it is only because there ia no 
name for the unit of s.i.c. Some writers make a distinction 
between Specific Inductive Capacity and Inductive Capacity : 
the first being a mere ratio and equal to the i.c. of the 
medium 4- lc. of air {c£ Specific Gravity), the second being 
the physical quantity for whose unit no name has been 
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1. Find the capacity of a condenser made of glass and copper foil. 
The area of the foil on each side is 50 cm. x 40 cm. : the thickness of the 
glass is rs mm. and ita b.lo. is 6. 

2. Two spherical condensers have internal radii of 5 cm. and 8 cm.: 
the internal radii of the eit«riors being 6 cm. and 10 cm. The exterior 
shells are joined to earth; the inoer spheres axe connected together and 
receive a total charge Q. How is Q divided if the dielectric is air 1 

If now oil (a.L0. = 3] be poured into the first, how will the charges 
be affected! 

3. Two opposit«ty chained pith balls are suspended near to one another 
by fibres of silk. Draw the lines of force between them. How will these 
lines be affected if a thick slab of wai be introdnced between them? Will 
the attraction between them be altered 1 

1. Of two insulated metallic plates, A and B, which are placed near 
and parallel to each other, A is connected with the cap of an electroscope, 
and B receives a charge of electricity. Explain the behaviour of the gold 
leaves of the electroscope wheu a slab of unelectrified sulphur is introduced 
into the space between the plates. 

5. A spherical condenser has an external radius of 20 cm. and is 
chalked up to a potential of 50 electrostatic units when the interior sphere 
is connected to eartb. If the interior is insidated and the exterior shell is 
earthed what is the loss in energy and charge ? 

6. Two pith balls are suspended b j insulating strings from two supports, 
and oppositely charged. Describe the position they will assume, and 
explain how it would be affected by interposing between the balls (1) a 
plate of sulphur, (2) a sheet of copper. 

7. A small ball of shellac suspended by a long silk fibre is passed 
through the fiame of a spirit lamp, and an electrified ball is then brought 
new- to it. Will it be attracted, and, if so, why 1 What is the object of 
passing it through the flame ? 

8. Two Leyden jars, whose capacities are 1 and 2, receive charges 3 
and 4 respectively. Compare their combined electric energira before and 
after their knobs have been in contact 

9. A condenser is composed of two square plates each of 10 cm. side ; 
the plates are 1 mm. apai-t It is found that 300 ergs are needed to charge 
it to a certain difference of potentJaL Find the difference of potential and 
the charge on either plate. 
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10. Two LejdeD jnra ore exactl; alike, except that in oae the tinfoil 
coatings are separated by glass and in the other by ebonite. A cbai^ of 
electricity is given to the glass jar, and the potential of its inner coating is 
measured. The charge is then shared between tiie two jars and the 
potential foUs to 0*6 of its former value. If the specific inductive capacity 
of ebonite be 2, what is that of glass? 

11. Briefly describe and explain the phenomena observed in the course 
of the following experiment: 

(a) An insulated body charged with electricity is held in a fixed 
position near the knob of an insulated oncharged gold leaf elecbvscope. 



(d) The charged body is remoTed. 

(e) The glass plate is removed. 

12. A Leyden jar is charged to a potential of 1,200 volta It is Uien 
connected to a second jar having twice the area of coining ; the glass io the 
second jar is twice as thick as that of the first Find the potential of the 
two jars, 

13. Two spheres both of diameter d are connected to the prime 
conductor of an elecMcal machine. One of them is surrounded by a this 
concentric shell (of radius i^ which is earth -connected : the medium between 
the two is of a L c. 3. Compare the charges on the spheres. 

14. A sphere, radius 5 an., is surrounded by a coating of wax 1 cm. 
thick (e Lc.=2). This in turn is surrounded by another coating of ebonite 
of the same thickness (a. i.e.— 3J. The whole is enclosed by a thin brass 
shell, radius 7 cm. If the outer shell is earthed, what is the capacity of the 
condenser ? 
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MISCELLANEOUS EXAMPLES 

1. If two exactly similar magnets were arranged with the intention of 
forming an astatic pair but with their axea not set exactly parallel, how 
would the eotubiiuition behave when freely suspended ? 

2. Two long thin knitting needles are each suspended by two threads 
30 cut. long attached at either end, so that the needles hang in a horizontal 
position and just touch along their whole length. The needles are then 
equally magnetised, after which they repel each other, so that the distance 
between them is 2 cm. If each needle weighs 5 grams and fr is 980 cm. 
sec.-', calculate the strength of one of the poles of either needle. 

3. Prove that the magnetic force exerted by a short magnet at a point 
A on the line passing through its centre and perpendicular to its axis is 
the same as the force exerted at a point on the axis, the distance of which 
from the centre of the magnet is i/2 times the distance of A from the 
centre, 

i. Two small magnets, each of length I and moment M, are placed with 
their axes in line and their centres at a distance r apart Find the force 
of attraction or repulsion between them. 

5. A bar magnet is suspended by a wire so as to hang horiKontally. 
By how much most the top end of the wire be twisted for the magnet to be 
deflected 90° fVom the magnetic meridian, when for a deflexion of 30° it has 
to be twisted through I20°? 

6. A bar magnet is supported horieontally by a fine vertJeal wire. The 
magnet lies in the magnetic meridian when there is no torsion in the wire, 
and the top of the wire must be turned through 100° in order to deflect the 
magnet 15° from the meridian. The magnet is removed, rem^^netised and 
rephiced, and now the upper end of the wire has to be twisted throi^ 160° 
to produce the same deflexion of the bar. Compare the moments of the bar 

7. A short horizont^ bar magnet is moveable so as always at its 
middle point to touch a horizontal circle, at the centre of which is a 
compass needle. Determine the positions of the magnet in which the 

needle's deflexion is the largest. 

a What is the function of the " sole " in the electrophorus ? 

9. Shew how the magnetic moments of two unequally strong magnets 
may be compared by mounting them in the manner of astatic needles 
(1) with Uke, (2) with nnlike, poles together, and observing thoir oscillations 
when so mounted. 
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10. k short eboDite rod, with a Bmnll electrified knob &t one end, 
is iuuunt«d eo as to turn freely about its centre in a horiiontal plane. In a 
horizontal line witb this centre, and at distances from it of a quarter and 
half a metre respectively, are placed insulated balls Uiat are also charged. 
The rod makes ten vibrations in a given time, but makes thirty vibratione 
in the same time if the balls are interchanged. Compare the charges on 
the two balls. 

11. The coil of a tangent galvanometer is placed at ri^t angles to the 
magnetic meridian and a steady current passes throu^ it. The needle 
when set in vibration makes 5 oscillations in a given time, but only 3 in the 
same time when the direction of the current is reversed. Compare the 
magnetic force at the centre of the coil due t« the current with that due to 
the earth. 

12. In as. A. bridge the wire has a resistance of 2'30 ohma, f =5 ohms, 
X=Z oluns. The wire is a metre long. Find Uie position of the jockey. 
If the cell has an b.h.f. of 12 volte and its resistance is negligible, find 
the possible error in the position of the jockey if the galvanometer has a 
resistance of 10,000 ohms and will detect a current of one microampere, 
fij how much coidd this error affect the result obtained ? 

13. Shew that the potential due ia a magnet at a distant point is 
if COB fl/r*, where r is the distance from the centre, 6 the an^e the line 
joining the point to the centre makes with the axis and Jf is the moment. 

14. When a circuit is completed the current does not immediately 
reach its final strength as given by tlie relation C—ER, Explain this and 
say how yon would arrange an experiment to shew it 

15. Resistance coils are usually made by measariug off a length of 
wire, doubling it upon itself and then winding. What advuitages are 
there in this method ? 

16. A wire of resistance r connects A and B, two points in a circuit, 
the resistance of the remainder of which is It. If without any other change 
being made A and B are also connected by n - 1 other wires, the resistance 
of each of which is r, shew that the heat produced in the n wires together 
will be greater or less than that produced originally in the first wire 
according as r is greater or less than B^n. 

17. Powerto the extent of 100,000 watts has to be carried to a distance 
of 5,000 metres with a loss not exceeding 5 per cent. Compare the cost of 
the copper mains if the current has a voltage of 100 with Uieir cost if the 
voltage be raised to 2,000. 

18. Describe as many methods as you can by which it would be possible 
to measure cnrrents. 

19. AB is a line of infinite length, O is a point on a straight line drawn 
at right angles to AB from a point C in A B. Unit charges are placed at 
C,,Ci,C3,...,C\in AB, where CCu CiC\, 0^0,, ... subtend the same 
angle 6 at 0. Shew that the potential at is 

.*-.=..!(.+.>™|co„c?, 
where a is the angje subtended at O by GC^ tmd OG=d. 
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2a A condenser in bnilt up of alternate lajera of tinfoil and paraffined 
papei". If there are in all 101 sheets of foil, 12 cm. x 1 5 cm., and the thick- 
ness of tie paper is -0025 cm., and a i.e. = 3, find the capacity. 

21. For use in spark photography a condenser made of glass corered 
on both sides with copper foil was made. The thickness of the glass was 
3 mm. : the area of each plat« 60 cm. x 60 cm. Sparking took place when 
the p.D. reached 25,000 volts: and lasted "0000005 second. (s.lc.=5.) 

Find (1) capacity of the condenser, (2) the horse-power at the instant of 
discharge. 

22. A hand electric lamp is worked by tJiree dry cells in series. It is 
said to have an E. M. r. of 4 j volts on closed circuit and to give a light of 
3 c. p. for 18 hours. Reckoning one watt per candle power, find (I) quantity 
of zinc consumed, (2) heat generated, (3) resistance of the lamp. 

23. The resistance of a galvanometer is being found on a metre 
B. A. bridge. Its resistjiDce is actually 2'3i> uhma. The resistance of the 
wire is 0'51 ohm, the comparison coil is 3 ohms. The resistances of the key 
and battery are both negligible. The km. f. of the battery is 25 volts. The 
deflection of the galvanometer when the jockey is in its proper position ia 
23°. What is this position ? Find what alteration there would be in ihe 
deflection if the jockey were moved 2 cm. nearer to the middle. 

24. Prove that the charge on the body of hi^est potential in an 
electric field must be wholly positiva 

25. Shew that the dimensions of quantity of electricity calculated 
electrostatically and electromagnetically are different What assumptions 
lead to this result ? 

26. If the electric bells in a house were found to be out of working 
order, how would you try to find out what was wrong ! 

27. Two pith balls each weighing half a gramme are tied by silk fibres 
a metre long to the same support. They each carry the same charge and 
repel one another so that they remain 5 cm. apart. Find the charge. 

28. A circular gold lea^ radius b, is laid on a charged conducting sphere 
of radius a. Prove that the loss of electrical enei^ due to the removal of 
the leaf is ^V^E^ja^, where B=chai^ on sphere and the capacity of the 
leaf is comparable with b, which is small compared with a. 

29. A parallel plate condenser has a slab of dielectric (s. i.e. =K) of 
tiiickness one-third of the distance between the plates, placed symmetrically 
between them. If Ci and Ca be the capacities of the condenser with and 
without the dielectric reapectively, shew that Cj : Ca : : 3K : 2K -H 1. 

30. The tension of each surface in a soap film is (. If a is the radius 
of a soap bubble and p the atmospheric pressure, find the charge necessary 
to double the radius. 
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31. There is generaUf a considerable potential difference between two 
places in the ah- a few feet apart at different levels. Could we therefore 
get a current by joinii^ up places at different levels bf an insulated wire ? 

32. An earth-connected bucket of water has a small hole in the bottom 
through which water foils drop by drop. It is suspended in the air at a 
place where the potential is not zera Will the bucket or the drops acquire 
any charge? 

33. What justificatiou have we for use of the term "qnanti^ of 
electricity " ! 

34. In a polarised relay an iron armature governed by a spring is under 
the influence of a rod of iron fixed to a permanent magnet Bound this rod 
is wrapped a helii of wire through which the current received passes in such 
a direction as to tend to demagnetise the rod and so allow the spring to 
bring the armature into contact with a platinum stud Draw a relay irf 
this type and add an arrangement to alter the sensitiveness. 

35. Make a careful diagram of the reversing key on an ordinajy 
induction coil and explain the action. 

36. Two spheres of radii r, r* are at a great distance d apart ; shew 
that their capacities are increased in the ratio cP:)P — rr'. 

37. The secondaries of induction coils are usually wound in sections 
carefully insulated from one another. Of what use is this ? 

38. Explain the fact that a spark is seen when a circuit, in which a 
current is flowing, is broken. Huw could this sparking be reduced % 

39. In some forms of maguetus there is a fixed coil and a fixed 
permanent magnet: the flux through the coil is altered by the motion of 
iron pole pieces which connect the opposite ends of the iron core of the coil 
first with one pole of the magnet and then with the other. Braw an 
arrangement which would effect this and explaiu its action. 

40. A battery consists of n cells in series; their K.M.?.'s are I'l, \% 
1 '3, 1 '4, ... . The internal resistance of each cell is I ohm. Find the value of 
n if a current of 1 ampere can be passed through an external resistance of 
5 ohms. 

41. A circuit is formed of a battery of constant K.M.F. with intemal 
resistauce 3*6 ohms and two wiree <^ resistance 3'S and 7'3 ohms respec- 
tively. Pind the ratio of the amounts of heat produced in the wires wben 
they are connected (1) in series, (2) in parallel 

42. An induction coil takes current of 1 amperes at 100 volts. If ti>e 
discharge is at 500,000 volts and the efficiency is 30°/., find the avenge 
current If the actual duration of a spark is only -001 of the interval 
between successive sparks and there are 20 spaib per second, find the 
energy per spark and the rate at which energy is diSHipttted duiii^ a 
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43. There is a genes of 2n parallel plate§. Each ig of area A aiid is 
distant d from those nest to it By a revolving mechanical arrangement 
pbtes numbered 1, 3, 5, ... are couuected to one pole of a battery of 
B. M. F. V, while platea 2, 4, 6, ... are connected to the other : they are then 
all disconnected, insulated and are finally joined up 2 to 3, 4 to 5, 6 to 7, ... 
by insulated connectotB. What is the f. d. between plates 1 and 2n ? 
What chai^ would pass between them if they were connected ? What is 
the enei^ and capacity of the arrangement jurt before discharge 1 

44 Four positive equal charges e are placed at the comers of a square. 
At the centre of the square is situated a negative charge. What must be 
the magnitude of this negative charge if it juat holds the other charges in 
equilibrium ? 

4R Two equal charges> revolve at opposite ends of a diameter in a 
circle round a charge at the centre. If m is the mass associated with each 
charge, u the angular velocity and a the radius, find the charge at the centre. 

46. Devise a wiring arrangement to enable a lamp in the middle of a 
passage to be turned on or ofi' by switches at either end. 

47. A condensw is formed of two parallel platea. Prove that when 
the potentials of the plates are kept constant, the work done by the system 
in a small displacement is equal to the increase of the energy of the system. 

48. The plates of a condenser are charged with a definite amount of 
electricity and then gradually separated. Find the mechanical work done. 
Find also the change in potential and the increase in eloctrica! energy. 

49. If the plates of a condenser are kept at constant potentials by 
joining them up to the poles of a battery, find (1) the mechanical work 
done in separating them by a definite distance, (2) the increase of electrical 
energy, (3) the energy supplied by the battery. 

50. Shew that the resolt of the previous example illustrates the 
following general law. If the potentials of the conductors of a system are 
kept constant by batt«ries mid an amount of mechanical work W is done 
in any displacement, then an amount of energy 2W is drawn from the 
batteries and the electrical energy of the system is increased by W. 

51. A condenser of capacity e is connected up through a resistance r 
to a battery, the p.d. between the poles of which is c. Show that after a 
time t the charge in the condenser is 

CV{\-6~^). 

52. A microfarad condenser is discharged through a non-inductive 
resistance of 1,000,000 ohms. How long will it take for half the charge 
to pass? 

53. A, B and n—2 other points are joined up in as many ways as 
possible by conductors each of the same resistance. A and B are also 
joined t« the terminals of a cell Prove tbat of these Jn (n- 1) conductors 
only 2n - 3 carry currents, and that the current in one of these is double 
that in any of the rest 
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54. A small conductor hangs by a string midway between two equal 
positive chai^ea which ikre on the same level Shew that the arrangement 
ma; bec<»ne unstable when the conductor is chai^ged either with positive 
<»- negative electricity, but that the minimnm charge necessary to produce 
instability in the former case ia twice as great as it is in the latter. 

55. An electrified partJcIe of mass m and charge e is shot off with 
velocity v in and at right angles to a magnetic field of strength H. Prove 
that it will describe a circle of radius mejeH. 

56. An electrified particle, mass m, chai^ e, is projected horizontally 
with velocity V between the horizontal plates of a condenser of charge tr 
per unit area. Prove that it vrill b(^n to describe a parabola and find the 
latus reetuu. 



PRACTICAL EXERCISES 



2. Find the least b.h.f. that will drive a steady current backwards 
through a simple cell 

3. Find the changes in the current through a dilute acid electrolytic 
cell as the k.u.f. between the electrodes is gradually raised from U to 2 
volts. The JLU.F. may conveniently be varied by use of a potentiometer 

4. By reading ammeter, voltmeter and watch, plot a watt-hour curve 
for chai^ng of an accumulator. Then discharge it at a reasonable rate 
and take correspondii^ readings. Compare the total intake of energy with 
the output 

5. A rod pointii^ North and South, placed an inch above the table, 
carries a current. Trace the lines of force on the table. 

6. Thrust two magnetised needles through a cork (1) parallel with like 
poles t<^ther, (2) parallel with unlike together, (3) with axes at right 
angles. Sy the method of oscillation compare the moments of the com- 
binations in tiie three cases. If Jf„ M^ are tiie momenta, separately verify 
that -JjHi^+Mi^ is the moment of the right-angled combination. From 
the first two arrangements find Mi : Mt. 

Find the directions of the axis of the combinations (3) and shew that 
the angle it makes with one of the needles is tan ~ ' -^' . 

7. Arrange the given metals in a hst so that each is electro-positive to 
those following. 

8. Place roughly in order of conductivity : iron, hot glass, warm glass, 
cold glass, ebonite, cotton, silk uid flannel 
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9. Find the magnetic axis of the given disc. 

10. Compai'C the intensities of the fields at tno places. 

11. Bj means of a condensing electroscope determine the positive pole 
of a given battery. 

12. I>et«nnine the magnetic condition of a given bar. 

13. Determine the sign of the electrification of brass rubbed on paper. 
11. Place the following materials in electric order, i.e. so that any 

ivhen rubbed on one following it in the list is positively electrified. Fur, 
sealing wax, brass, silk, brown paper, glass, Sannel, sheet rubber, 

V&. Verify experimentaJly that the conductivity of two wires joined in 
parallel is measured by the sum of their conductivil^es. 

16. Compare the b-h.^.'s of two cells by arrat^ng them (1) in parallel, 
(2) in opposition, using a tangeut galvanometer. 

17. Find 0. point on the axis produced of the given magnet at which 
the horizontal intensity is zero, and assuming //—'IS find Uie moment of 
the magnet 

18. The N. end of a long vertical magnet is placed on a horizontal 
table. Draw the lines (rf force, and calculate the strength of the pole 
assiuning H'^li. 

19. Compai-e the deflexion produced in a given galvanometer by the 
CH.F. (I) when the whole current passes through the instrument, (2) when 
the galvanometer is shunted by a shunt of given resistance, and thence 
deduce the resistance of the galvanometer. The resistance of the current 
external to the galvanometer will be given. 

20. Divide the given wire into two lengths so that when tbe divided 
lengths are placed in parallel their resistance as compared with ' the 
resistance of the undivided wire is 5 : 36. 

21. Find the number of turns of wire on the given ring. 

22. Find the resistance of a tangeut galvanometer, a coil of known 
resistance being supplied and a cell of negligible resistance. 

23. The given wire has a constant current flowing throogh it Find 
two points on it such that their difierence of potential shall be half that 
between the terminals of a given cell on open circuit 

24. Being provided with a Daniell cell, b.m.p. IDS volts, and a coil of 
known resistance, determine the reduction factor of the given tangent 
galvanometer. 

25. Find the maximum strength of pole that can be induced iu the 
given bar by hammering it when in a vertical position. 

26. Employ the method of oscillation to determine the total horizontaJ 
magnetic force at each of the places A and B. Assume the value of H. 

27. Determine the mean coefficient of increase of resistance of the 
given wire on being heated from 0° C. to 100° C. 

28. Test the given wire for uniformity of resistanca 



DiclzedbyGoOgle 



242 Practical Exereiie» 

29. The K.if.F. of a copper iron junction with one temperature at 0°C. 
and the other at about 100° C. ia too amall to be meaaured \>y an ordimir; 
uJUivoltmeter. It is, however, possible to obtain satisfactory reeults b;f 
the use of a refiectin^ gaJvanometer of high resjatance. To do this, join 
the copper leads t« the galvanometer. Keep one junction in a balh of 
boiling wat«r and the other in a bath kept at 0° C. by tee and wat^". 
Start with the hot junction at the highest temperature ;ou intend to 
employ. If you find the light spot cornea off the scale, insert a resistance 
in the galvuiometer circuit of such magnitude that the spot is near tfae 
end. Read the exact deflection and temperature. As the temperature 
&Us otiier readings must be taken. Tabulate acale reading and tempera- 
tore^ Assume that the s. n. p. is proportional to the detlection. To get the 
actual electromotire force it is necessary to know the resistance of the 
circuit and the deflection produced for some known current 

30. Make up a Daniell cell and find Uie p.p. between it« poles by a 
Toltmeter: 

(1) immediately it is set up ; 

(2) after standing a few minutes ; 

(3) while ringing an electric bell ; 

(4) after it has nmg the hell for two minut««. 
Take a Leclanch^ (or dry) cell and repeat (2), (3X (4) with it 

31. To trace the lines of flow of a current across a sheet of foil Ya 
the foil to a drawing board with a sheet of paper underneath : use two 
drawing pins as terminals. Find first of all lines of equipotentiaL To do 
this drive a needle A anywhere through the foil and join it by a fine wire 
throu^ a delicate galvanometer to a second needle B. Move B about tiU 
a point C is found on the foil, such that no current flows through tfae 
galvanometer on making contact Prick through the foil at C into the 
paper. Find a series of points in the same way, all at the same potential 
as A. These may be joined up on the paper later. Proceed to find other 
similar Unes. 

32. Make some pole-teeting paper and use it to find the positiTe pole 
of a cell made from acid, iron, and copper. Try to make lud test cells 
with other pairs of metals. 

33. Dip the ends of copper wires leading from the terminals of a 
battery into (a) solutions of copper sulphate, (6) dilnte acid, fur a few 
seconds. Note the appearance at each end and so give rules f<»- finding 
positive and negative poles of a battery. 

34. By placing a magnet in a water bath near a magnetometer, find 
how its moment ia dependent on its temperature. 

35. Find by the method of substitution the resistance of a coiL 
(Arrange a galvanometer, the coil and a cell in series. Note the current 
Now re^ace the coil by a resistance box and arrange to get the aame 
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ElBOTRO-CHBMICAL EaniTALBSTB. 



Aluminium 000094 Hydrogeo '0000104 Silver -0011 

Copper -000328 Osygen '000083 Zine 0003: 

E.M.F. OP CtSLLS in volts. 

Daniell 108 Grove 1-9 Leclanch^ 14 

Clark 1'43 Bnnsen 1*9 Chromic acid 2-0 

Spbcipic Rbsi8T*ncb in microhms. 

Aluminium 28 Iron 96 German Silver !20 

Copper 1-6 Mercury 94 Silver 1-6 

Spbcific Inditctivb Capacity (Air, 1). 



Gauge 

Diun. in mm. 
Yds, per lb. 
Ohms per lb. 



n safely carry 10 and 4 ampe. respectively. 



Dimensions o/ Electrical Qtiantities. 

The following table gives the dimeneione of eome of the 
principal magnetic and electrical units in terms of Maes, 
Length, Time, and a fourth unit On the c.G.8. electrostatic 
system this fourth is specific inductive capacity, denoted by it: 
these dimensions may be worked out by reference to Articles 
213, 3i, 46, 199, in order. On the C-G.s. electromagnetic 
system the fourth unit adopted as a fundamental from which 
to derive others is permeability fx. Work them out in the 
following order, pole strength, Art 4, current, Art 138, charge, 
P.D., resistauce, &c. 
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Appendix 



If we equate the dimensions of any quantity on the two 
eysteniB, we find that t~'/* * = ^^~'' Now LT'* indicatea 
a velocity, V. A careful comparison of values on the two 
systems gives a value 3x lO^cm-Zsec. for V. To convert 
measures from one system to the other we must multiply by 
some power of V. Thus one electrostatic unit of resistance 
IB equal to 3* x KP" electromagnetic units. 





Electnutalio 














Ratio 


Practi«a B.I.. 




k X L T 


^ jf L r 


(i):(") 


unit anitB 


Charge 


i i 1-1 


-i 4 i 


V 


Couloinb=lO-> 


Current 


1 i 3-2 


-i i 4-1 


r 


ampere = 10-' 




-i i i-i 


4 4 i-2 


yi 


rolt= 10* 


ReBiBtanee 


-10-1 1 


I 1 -1 


y-i 


ohm = 10* 


Capacity 


10 10 


-10-1 2 


yi 


fiirad=10-» 


Magnetic force 


i i i-2 


-4 4 -4-1 


y 


gaoss^l 


Magnetic flux 


i i S-2 


-4 4 t-i 


V 


maxwell = 1 


Pole Btrength 


-i 4 i 


4 4 1-1 


y-i 




Inductance 


-10-1 2 


10 10 


y-i 


henry = 10* 
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37. 2. -OiTgrm. 3.16760. 6. 1740 coulombs, 24 amp. 

7. '42 amp., '85 amp. 

38. 9. 3-1 amp. 10. -00037. U. 8-03; 31-8. 15. 298 mine. 

16. 8-»l gnu. per c.c. 

40. 1.9-3. 2.15;7HcftL 3. 24 degrees. 4. 3X10-M x 10'. 
5. 11, 1-47. 6. 6«. 7d. 7. 6 h. 57 m. 8. 116. 
9. 2571 coulombs. 10. 524, 102 kg. cal., 91 7,. 11. 3-28. 

41. 12. 20 agrees- 13.1; 1-28. 14-93°. 15. -359, 2-2. 

17. 280, 24%. 18. 52,000 joules. 19. "3°, TC kw. 

47. 1. 8, 6, 3-2 amp. 2. i ohm. 3. 440 ohms, 7'6 amp., 14-7 ohms. 
^ 4^, ^ohm. 6. 6, 8 ohms. 6. '2-04 ohms. 7. 9-9, 23-5 ohms. 

8. 1^ ohm; 1, 1, 2 amp., 4, 3 volts. 9. H obm. 10. 231, 28fi. 

48. 11. r,:r,. 13. 1250 ohms. U. 59'6 volts, 4-9 ohms. 
15. -017 volt 16. f. 17. -00202 ohm. 18. -612 amp. 
19. 153. 21. 16,20. 22. 7-6; 5; 376 amp. 23. 1-316. 
24. 5-12. 25. 6-75X 10^, 12 m. 10s. 

48. 26. -48. 27. } or ^^ amp.; 2*5 ohms, 1-25 volte. 28. 6571. 

29. 1:1-01. 30. iohm. 32. f|k. 34. -686. 

66. 1. 2-4 volte, -5 ohm. 2. 5 volte, 3-25 ohms. 3. 7'5 ohms. 

4. -94 volt. 

66. 5..232ohms. 7. "353 amp. 8. 9 volts.' 

9. 920 ohms. 10. 468 amp. 11. 142 ohm. 
12. 3005 amp.; -64 volt; "32 ohm, 16 volL 11 1-2 volt 
15. R = 2r. 16. Ivolt 17. 207voltB,-67amp.; 4-27volta,-427amp. 

18. -06, -55 volt 

66. 2 17. 4. -4, -084 ohms, 9-03 watts. 5. 2-86 degrees. 

66. 13. ■202gnn.i -197 grm. 16. -75, 039, 118 amp. 

18. 1-66, 1-96 amp. 19. 43 amp. 20. A, ^, ^, -fg amp. 

21. 7-2 amp. 
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246 Answers 

26. J volt 26. Ooe revenwd. :"■ » "'^^^ 

81. 18.-2, 50, 1311 i 214 1* 2-5 •/.. &t.«W «■♦"" 

83. »«13™lt mi«7-8,227-«,l»~lt JsiiL'iS: 

lllSToltl 13. -1!5,l-45,«,«TOlt 15. flOMTOll. 

93. 1. TOTOll 2.■40llIIl^ 3. SO". *■ I'*- '■ "■■ 

94. & -Mobn. '^ «"■ *' *"'"■ 
90. 24. twea, -ooTOae, fl042 amp. 

lOa. 1. Mohmt 2. OTohm. t. 1XB2»oli 7. 18-9 olm 

133 l&irKllxlO-.oltt. 20. 000167 .olt. 21. 3«!m«i-e"i 
ai1lxlO-.np,M7.ig,66xlO-=d^«. 23. (KB mp 

133. 1. 5-2x10-', 2«x 10-* oooloml.. 2 SBOmm., 8-4xl0-' oonl. 
3 2700 mas. 

134. 18. -377. 

139. 3 1311 amp. 4- 3711 mamelto. & «(«'-<P) /<■". 

9. t^rvid'. 10. |. u. imo'-n 

173.136. 12-5d™». 3 2-04, 51 g™. «t 

i. 172 cm. outside, 32 djne. 
173. «.35-7. 7.100,25. 8. 451 0,3411. «. 17 lOWlOSO. 

11. 43-7. 12. 1129, 1-05, DSi 13- ^X ". 40 djne cm. 

15. 1298. 
174.18 1:2-37. 17. mgaoo- l& =•- W- 40-54'. 

20 1-214 21 52S. 22. MmJsl<e. 

21 e0,000i 177 Mc., 112 "CC. 25. 4 dyne cm 26. -2, 505. 
176. 27.1:1-33. 28.206,-175. 29. 1351,178a 
181. 2l71«rsa 3- 12'- 4. 5 game -35 maiwcll. 

337. 1. 4Jcm. 2. 5414. 3 31. 4. 121. 5. 6113,^0 
6.0,1-8. 8.7:3. 10. 0, ««»■ "- c''V,*C,*C,- 
12 A- 13. 33, 5. 

338. It-'.'.h'i''''^ ^'hm:H:t.l- 15-1» 
16.15. 17. l-.%0. 18»:5. 19 125. 2a 200. 
21. 9:1. 22. 5J, 178, 134. 23. 500. 25. 72. OT. 35. 

339. 3L 48,rVff*. 32 20. 38. 4; c9(a-6)/a&; ?(«-6)/<i*. 
39 Q/s, Q;4. 40. 32-7. 
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PAOI 

333. 1. 6365cm. 2. 3:4, -26Q passes from second to first. 

6. 2.'S,000 ergs, lOOOnDits. ft 51 ;49. 9. 2*/v, 600/\^. 

934. la 3. 12.600Tolts. 13.6:1. 14.407. 

336. 2. IS. 5. 270*. 6. 1:1-6. 

336. m -1:7. 11.8:17. 12. 37-5 cm., "83 ctn., 108 ohm. 
17. l:40a 

337. 20. 17xlO*em. 21. 4770 cm., 4400h.p. 

22. 44 grm.; 46,000caLi 6|ohms. 23. 44cm., 1°?'. 27. 17'5. 
3a i-Jn^{i2t + lpa). 

338. 40.10. 41.-78:1. 42. 00012 amp. : 3 joules : 60 kw. 

339. 4a vv; Aliird; nAv'l8«d; A/iwnt. 44. «(l-t-2^2)/4. 
45. TOa'«V«+«/4. 62. -69 860. 

340. 56. m,^/2n<r. 
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Alternating dynamo 124 
Ammeter 22, 89 
Ampere 22, 84 
Ampere's Iaw Chap. XV 
Anode 17 
Armature, ring 127 
dram 128 



Bridge, Wheatetone 68 



60 

chromic acid 61 

Clark 62 

Daniell 69 

de la Rive 104 

dry 62 

GrOTe 60 

Leclanch^ 61 

secondary 21 

simple 57 

Smee 6S 

Weston 62 
Cells, B.«.P- of 58 

comparison of 76 

grouping of 62 

resistance of 32, 72 
Chemical equivalent 21 
Clark cell 62 
Compass 140 
Condensers 112 

comparison of 206 

EpinuB 202 

spherical 226 

Condensing electroscope 

Conductivity 45 



Coulomb 24 
Coulomb's Iaw 2 
Couple on magnet 166 

Daniell cell 69 
Declination 169 
Declinometer 159 
Demagnetisation 162 
Density 188 
Dielectric 230 
Dimensions 233 
Dip 160 

circle 161 
Disc, axis of 158 
Distribution of char^ 185 
Dynamos Chap. XIV 

Earth's field 3, 172 
Earth inductor 112, 132 
Efficiency 35 

Electro-chemical equivalent 24 
Electrolysis Chap. II 

copper sulphate 19 

potassium iodide 1 7 

sodium sulphate 17 
Electro-magnet 105 
Electrometer 224 
Electromotive Force Chap. V 

comparison of 54, 76 
Electrons 184 
Blectrophorus 189 
Electroscope 183 
Energy 223 

Equipotential surface 213 
Ewing's experiments 153 

Farad 84, 208 
Faraday's Disc 112, 120 

experiment on s.LC. 231 

Ice Pail 187 

Laws 23 

Net 186 

Ring 109 
Faraday Tubes 212, 2iS 
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Field magnet 128 
Flux 114, 117, 218 
Force, electric, due to conductor 
219 
plane 219 
sphere 218, 221 
Force between charges 215 
pole and magnet 166 
poles 2 
Force, lines of 3, lU, 146, 210, 2)4 
due to currents 8, 10, 114, etc. 
magnets 2 

magneta and earth 146, etc. 
static charges Chap. XXII 
number of 117 
Force, magnetic 177 
Force, magnetic, due to current in 
coil 84, 135, 136 
heUx 137 

straight conductor 135 
Force, mechanical, on conductor 



Oalvanumeter, astatic 91 

ballistic 93 
constant of 86 

moving coil 89 
reflecting 87 
resistance of 72 

reduction (actor 2S, 85 

standardising 25 

tuweut 24, 84 

windings 85 
Gauss 118 
Gauss A and B 167 
Gauss's E^roof 168 
Gauss's Theorem 218 
Grove ceU 60 

Heat 31 

of chemical action 57 
Heating of motor 130 
Henry 234 
Hysteresis 130, 178 

Ice Pftil 187 
Inclination 160, ISl 
Induced currents Chap. XII 
Induction coil 110 

electrostatic 183 

ma^etic 177 
Induction, total normal 218 
, Inductor, earth 112, 132 



Intensity ot magnetisation 
Ions 18 

laoclinic lines 161 
Isogenic lines 161 



Kathode 17 
Kelvin's Method 72 
Kirchhoff's Laws 79 



Lcyden Jar 201, 204 
Lines of force {lee Force) 
Luminous dischai^ 13 

H. and H 171 



substances 154 

susceptibility 178 
Magnetisation, intensity of 165 
Magnetometer 167 
Mance 72 

Maiiroum current 64 
Maxwell 118 
Meridian 1, 158 
Molecular theory ISl 
Moment 163, 166 

comparison of 169, 171 
Motor 12, 106, 113, Chap. IV 

Networks 79 

Neutral temperature 98 



Ohm, legal 44 
Ohm's l^w 43, 77 
Oscillation of magnet 



170 



Parallel currents 104 

plates 212, 223 
Peltier effect 99 

Permeability Chap. XIX 
Plane, infinite 219, 221 
Points, action of )88 
Polarisation 59 
Polarity, to test 143 
Pole-testiug paper 19 
Pole unit 2 
Post Office box 70 
Potential 36, etc., Chap. XXI 
at point 220 
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PotentioiDet«r 7& 
Power 34 

Pre«enre uid nork 32 
Froof-pkne 186 

Recalesceoce 155 
ReuBtance Chap. IV 
Renettuice, compariBon of 77 

electrolyU 72 

interniJ 52 

measurement of 70 

of battel? 72 

of galvanometer 72 

parallel 44 

aeriee 44 

specific 40 
Revereer 86 
Rheofltat 22 
Rot&tJng coil 130 

Secondary cells 20 

8«ebeck effect S7 

Self-indaction 132 

SiiuntB 45 

Solenoid 104, 176 

Specific inductive capacity 230 

Specific resistance 46 

Sphere, potential, force, etc, 211 

226 
Susceptibility 178 



Temperature effects Chap. X 
Temperature and resistance 96, 
ete 

permeability 15S 

BM.p. »7, etc., 242 

m^netic moment 242 
Terrestrial magnetism Chap.XVli 
Thermoelectric effects 97, 242 
Thermometer, resistance 99 

electric 100 
Thermopile 98 

Units, electric 234 

electro-magnetic 83, US 
mechanical 29 
practical 84 
trade 30 

Voltage 31, 34 
Voltameter IS 
Volti's Bloctrophoms 189 
Voltmeters 33, 55, 91 

Weston Cadmium cell 62 
Wheatstone Bridge 68 
Wimshurst 191 
Windii^, armature 128 

field magnet 128 
Work on onit pole 138 

in magnetic cycle 180 
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